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FOREWORD 


Volume 217 is the latest in a long line of AIME Mining Trans- 
actions volumes. It is the first of a new line in that more than half of 
the material it contains has never been published before, except in 
preprint form. All of the articles in this volume have been carefully 
studied by competent authorities to be sure that each one actually 


is a worthy contribution to the archives of the mineral industries. 


Building on the firm foundation of the data in this and earlier 
volumes, future generations of engineers and scientists will each add 
a course to the structure of the world’s knowledge of how to find, mine, 
treat, and use the minerals in the earth and eventually beyond the 


earth. 


Those who have contributed to Volume 217 deserve the unreserv- 
ed gratitude of all of us. In behalf of the Officers, Directors, and Mem- 
bers of the Society of Mining Engineers of AJME I wish to express that 
gratitude to the authors, discussors, and committeemen who worked so 


hard to produce this volume. 
Gentlemen, Thank you. 


A. B. Cummins, President 


December 2, 1960 Society of Mining Engineers of AIME 
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THICKENING LEACH RESIDUES IN 
SHERRITT GORDON’S NICKEL REFINERY 


ith each year that passes hydrometallurgical 

processes are being more widely used to recover 
base metals from ores and concentrates. Generally 
these processes involve liquid-solid separation of 
metal-bearing liquors from barren residues. This 
may be done by countercurrent decantation, thick- 
ening and filtration, or filtration or centrifuging only. 
Choice of method is governed by chemical and phys- 
ical characteristics of the pulps; cost of labor, power, 
materials, and waste disposal; and even by the 
amount of capital available when building plans are 
under way. Since all these controlling factors change 
with time and location and with technological ad- 
vances, the separation method must be re-evaluated 
when new plants or expansion programs are con- 
templated. 

At the Sherritt Gordon refinery in Fort Saskat- 
chewan, Alberta, an ammonia pressure leaching 
process recovers nickel, copper, and cobalt from 
the nickel concentrate produced at Lynn Lake, 
Manitoba.* Pregnant liquors are separated from the 
barren leach residues in a thickener-filter liquid-sol- 
ids circuit. The decision to use this type of separation 
was based on a summation of economic factors dur- 
ing the pilot plant and design stages. Although 
countercurrent decantation was not incorporated 
in the refinery flowsheet, the problems solved in 
thickening the leach residues and the experience 
gained in operating the commercial plant are perti- 
nent to countercurrent decantation, particularly 
where it is applied to slow-settling leach slurries or 
slurries having a relatively high vapor pressure of 
a valuable, obnoxious, or poisonous vapor. 

The nickel sulfide concentrate is leached under 
pressure with air and ammonia to dissolve the 
nickel, copper, and cobalt and most of the sulfur, 
leaving a residue of iron and siliceous material to be 
discarded.”* During a subsequent distillation stage 
to recirculate part of the ammonia used for leach- 
ing, copper is recovered from the solution as a high- 
grade sulfide. After further purification to remove 
traces of copper and undesirable sulfur compounds, 
the nickel is precipitated by hydrogen under pres- 
sure at an elevated temperature. The cobalt, together 
with unreduced nickel, is precipitated as a mixed 
metal sulfide by hydrogen sulfide for eventual cobalt 
recovery. The end solution is then evaporated to 
produce a crystalline ammonium sulfate byproduct. 


D. J. |. EVANS, Member AIME, is Senior Project Engineer, Re- 
search and Development Div., and S. C. LINDSAY is General Su- 
pervisor, Chemical Metallurgical Div., Sherritt Gordon Mines Ltd., 
Fort Saskatchewan, Alberta, Canada. TP 59B37. Manuscript, June 
2, 1959. San Francisco Meeting, February 1959. AIME_ Trans., 
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by D. J. I. EVANS and S. C. LINDSAY 


As shown in Fig. 1, the nickel concentrate is 
leached in a continuous, two-stage, countercurrent 
circuit. In the first stage, or adjustment leach, the 
fresh concentrate is partially leached (60 pct) in 
the liquor produced in the second stage, or final 
leach. This system is necessary to produce a solution 
suitable for treatment in the copper sulfide precipi- 
tation step. 

Both stages are carried out at 170° to 180°F under 
a total pressure, with air, of 100 to 120 psig in large, 
horizontal, water-cooled autoclaves. The autoclaves 
are divided by overflow weirs into four compart- 
ments to give a certain amount of staging during 
leaching. In each compartment a relatively slow- 
speed (100 to 150 rpm) agitator maintains the nickel 
concentrate in suspension. Adjustment leaching, 
carried out in two autoclaves in parallel, is followed 
by a thickener-filter liquid-solids separation. Final 
leaching is done in two parallel trains of three auto- 
claves using aqueous ammonia to extract metal 
values from the adjustment leach residues. This too 
is followed by a thickener-filter circuit. Here the 
residues are repulped once with aqueous ammonia 
and twice with process water and refiltered after 
each repulping stage, to insure a maximum recovery 
of soluble metal, before being discarded to the 
tailings pond. 

The adjustment leach is followed by a seven-disk 
Dorr-Oliver American filter, with an agitator in the 
filter boot to keep the residues in suspension. Agita- 
tors have also been installed beneath the four ten- 
disk filters following the final leach thickener. 


Slurry Characteristics: A typical analysis of the 
Lynn Lake nickel concentrate, produced by differ- 
ential flotation,* is given in Table I. The concen- 
trate comprises 35 to 49 pct pentlandite, (Fe, Ni)S; 3 
to 6 pct chalcopyrite, CuFeS.; 1 to 4 pct pyrite, FeS.; 
and 24 to 42 pct pyrrhotite, Fe..S (where x varies 
between 0 and 0.2) together with various siliceous 
minerals such as actinolite, hornblende, and talc. 


During leaching, the sulfur in the pentlandite, 
chalcopyrite, and part of the pyrrhotite is succes- 
sively oxidized through the thiosulfate and poly- 
thionate radicals to sulfate and sulfamate.* Simul- 
taneously the nickel, copper, and cobalt are con- 
verted to soluble ammine complexes and the iron 
in the pentlandite, chalcopyrite, and part of the 
pyrrhotite is oxidized to a spongy hydrated iron 
oxide. The hydrated iron oxide is readily broken 
down by the agitation needed to sustain the concen- 
trate in suspension and to maintain a satisfactory 
mass transfer of the oxygen from the air to the 
slurry. Table I shows typical chemical, screen, and 
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Table |. Nickel Concentrate, Adjustment and Final 
Leach Residues, Chemical Analyses and 
Physical Characteristics 


Nickel Adjustment Final 


Concen- Leach Leach 
trates, Residues, Residues, 
Pct Pct Pet 
Chemical Analysis, 1956 Aver- 
ages, Pct 
Ni 13.23 6.04 1.26 
Co 0.40 0.31 0.27 
Cu 1.79 0.82 0.17 
Fe 36.17 41.57 45.86 
29.47 20.38 12.16 
FeO (in the nitric acid insol- 
ubles), MgO, CaO, SiO», Balance Balance Balance 
and water of hydration in 
gangue minerals. } 
Oxygen in iron oxides. Nil = — 
Calculated Mineralogical Com- 
positions 
Pentlandite, (Fe, Ni)S, as- 
sumed 41.49 19.21 2.30 
FeS:NiS with partial re- 
placement of Ni by Co 
Chalcopyrite, CuFeS2 5.19 2.38 0.49 
Pyrrhotite, Fei-xS, assumed 32.73 32.40 27.54 
FeS 
Pyrite, FeS2 1.65 1.90 2.10 
(Assumed) (Assumed) 
Ferric oxide, Fe2Os, (water Nil 
of hydration not included) (Assumed) 18.92 37.90 
Ni and Co adsorbed on hy- — Not 0.77 
drated ferric oxide determined 
Actinolite, hornblende, talc, 
other siliceous gangue 
minerals and water of 
hydration Balance Balance Balance 
Screen Analyses, Typical 
+ 65 Mesh Tyler 2.8 0.3 0.2 
—65 + 100 6.7 2rs) 0.7 
—100 + 150 10.4 6.4 so 
—150 + 200 6.3 8.9 5.0 
—200 + 325 24.2 12.9 11.9 
— 325 49.6 69.2 78.7 
Subsieve Size Analysis on 
—325 Mesh Fraction Re- 
ported as Percent Weight 
of Total Solids 
—325 mesh + 35u 33.6 32.2 17.7 
—35u + 20 4.2 8.8 
—20 + 10 Bill 8.6 9.7 
—10 +5 4.7 8.1 9.3 
—5 2.0 12.6 33.2 
Average specific gravity of 
solids 3.68 3.48 3.41 


subsieve size analyses (as determined by beaker de- 
cantation)’ of leach residues from the two stages. 
There is a marked reduction in average particle size 
and a marked increase in the proportion of hydrated 
iron oxides as leaching progresses. 

Slurry fed to the adjustment thickener is 20 to 
25 pct solids, by weight, in a highly ammoniacal 
liquor (pH 10) cooled to 90°F in a double-pipe 
cooler before the leaching pressure is released. In 
addition to about 40 gpl unbound ammonia,* the 

* The unbound ammonia is a calculated figure and is that part 
of the acid-titratable ammonia which is not locked up in the am- 
mine complexes. 
solution contains about 55 gpl of the valuable metals 
as nickel, copper, and cobalt ammine complexes, 
ammonium sulfate and sulfamate, and small (but 
important) quantities of polythionate and thiosul- 
fate radicals, giving a total electrolyte concentra- 
tion of about 600 gpl. Specific gravity of the solu- 
tion is 1.20 and the ammonia vapor pressure of the 
solution at 90°F is approximately 1.1 psi, which 
corresponds to a vapor containing 8.0 pet ammonia 
by volume. 

The slurry passing to the final thickener from 
the second stage of leaching is about 20 pct solids 
by weight and is cooled to 90°F prior to pressure 
release and thickening. In this instance the solu- 
tion contains about 55 gpl unbound ammonia and 
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about 25 gpl nickel, copper, and cobalt as complex 
amines. The ammonium sulfate and _ sulfamate 
concentrations are about one half of those in the 
adjustment leach solution, but neither polythionate 
nor thiosulfate radicals are present; the total elec- 
trolyte concentration is about 400 gpl. Specific 
gravity of the final leach solution is about 1.11 
and the ammonia vapor pressure at 90°F is 1.5 psi, 
which corresponds to a vapor containing 11.0 pct 
ammonia by volume. 

Thickener Design: The two thickeners were in- 
stalled ‘in the leach circuit to separate the bulk of the 
pregnant liquors from the partially leached and com- 
pletely leached residues, respectively, and to thicken 
the pulps enough to give good filtration character- 
istics. In the original flowsheet, vacuum drum- 
clarifiers were installed for the adjustment thickener 
overflow solution to prevent iron oxide slimes from 
being carried over into the subsequent process 
stages. Clarifiers were considered unnecessary, as it 
was assumed that any slimes on the final thickener 
overflow would be removed in their next pass 
through the liquid-solids separation circuit. During 
the first few months of operation, the quantity of 
slimes overflowing periodically from the adjustment 
thickener was more than the clarifiers could handle. 
Improved thickener operation during the start-up 
period improved the filtration characteristics of the 
thickener underflows, obviated the need for clarify- 
ing the adjustment thickener overflow and made it 
possible to use the thickeners for surge solution 
storage. 

The completely enclosed Hardinge Co. thickeners, 
105 ft ID, have 8-ft sidewalls and 15-ft center 
depths. The tanks and domes are of reinforced con- 
crete lined with a pyroflex membrane and acid 
brick. The superstructure and rakes are of 304 stain- 
less steel with Hardinge-type CFAR 2-hp motor 
drives geared to give rake speeds of 3 rev per hr. 
Thickener drives and underflow pumps are tied into 
the refinery emergency power system to prevent 
sanding up if the main power supply fails. 

To prevent air pollution, the thickeners are main- 
tained under slight suction from the leach plant 
ventilating system. The ammonia in the vapors, to- 
gether with that from the other tanks and filters in 
the leach plant, is recovered by scrubbing the vent 
gases in a bubble-cap tower. Although the thicken- 
ers are outside, ammonia pollution of the atmosphere 
must be prevented because the towers for the re- 
finery’s water-cooling circuit are nearby. 

Placing the tanks below ground level avoided the 
costly structure necessary to support the thickener 
and its 540,000 gal of slurry and made it possible to 
use cheaper construction materials, but these ad- 
vantages are somewhat offset by less convenient op- 
eration. The pumping stations are presently 7% ft 
below the top of the straightwall, and the shaft drops 
down 22% ft to the tunnel leading to the thickener 
cone. As there is no satisfactory means of drainage, 
leaks and spillages into the tunnel are safety haz- 
ards. It is compulsory that anyone entering the tun- 
nel wear an ammonia mask and be attended by 
someone else. 


START-UP PROBLEMS 


Sliming: During the start-up period satisfactory 
continuous operation of the liquid-solids circuit was 
maintained for a few days, even though the slow- 
settling pulp was discharged into the final thickener. 
The sands were satisfactorily discharged from the 
thickener, but the slimes level gradually rose and 
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Fig. 2-The relationship between the depth of clear 
liquor and the elapsed settling time for samples of the 
final thickener feed treated with various flocculants. 


eventually overflowed with the solution recycled to 
the adjustment leach circuit. Because of the recy- 
cled slimes, extremely slow-settling pulp was dis- 
charged to the adjustment thickener and the slimes 
level rose to overflowing. Subsequent process stages, 
unable to cope with large quantities of semicolloidal 
hydrated iron oxide, ceased to function satisfactorily 
and the concentrate feed rate to the autoclaves had 
to be cut to a minimum until conditions in the thick- 
eners improved. 

When the settling characteristics of the slurries in 
various parts of the circuit were correlated with 
plant operating variables and procedures, it was 
found that: 1) settling rates decreased progressively 
as the solids advanced through the leaching circuit, 
2) slow settling was produced by operating at low 
feed rates, and 3) extremely slow settling resulted 
when feed to the autoclaves had to be shut off while 
agitation to prevent sanding up of the autcclaves 
was mainteined without discharge of the solids. It 
was concluded that over-agitation during leaching 
was the main factor contributing to the excessive 
slimes burden on the liquid-solids separation cir- 
cuits. 


Effects of Operating Variables: With two parallel 
autoclave trains in both leaching circuits, it was pos- 
sible to investigate the effect of agitation on a plant 
scale. When the original Struthers-Wells impellers 
in one adjustment leach autoclave were changed for 
swept-back turbine-type impellers, it was found 
that with equal slurry feed rates and power inputs 
to the two autoclaves, the thickening characteristics 
of the slurry discharged from the adjustment leach 
autoclave were noticeably improved, without any 
effect on the metallurgy. Further improvement was 
obtained by increasing the diameter of the turbine- 
type impellers while maintaining a constant power 
input. During these studies the settling rate of the 
slowest-settling particles, as indicated by the depth 
of clear liquor in a free-settling pulp, was used as 
the criterion of the probable behavior of the slurries 
during thickening. Table II shows the improved 
settling rate averaged over periods of one month by 
changing the impeller design. As a result of this 
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study, the Struthers-Wells impellers in the leaching 
autoclaves were replaced by the modified turbine 
type. 

During the plant study it was shown that the con- 
centrate feed rate to the leaching autoclaves could 
be increased without lowering the metal extractions 
but with improved settling characteristics in the 
discharged pulps. The improved settling character- 
istics were anticipated because less work, in the form 
of attrition grinding by the agitators, would be 
done per unit weight of solids. 

Simultaneously laboratory studies were carried 
out on possible causes of the slow-settling charac- 
teristics of the slurries. High leaching temperatures 
were shown to yield more stable dispersions of the 
hydrated iron oxides without improving extractions 
of the valuable metals. Since temperatures higher 
than the specified 175°F were being encountered in 
the final leach autoclaves during the start-up period, 
cooling coils were installed for better control. 

The chief operational changes made to improve 
the liquid-solids separation were: 1) modified agita- 
tion and increased concentrate feed rate to decrease 
the attrition of solids and 2) improved control of 
leaching temperature. These changes were not 
enough to eliminate the sliming problem. 

During the plant study, thickener area require- 
ments were redetermined according to accepted pro- 
cedures,’* since design data had been obtained from 
the Ottawa pilot plant where there had been no dif- 
ficulties in liquid-solids separation. It was found that 
under normal conditions and without allowing for a 
design safety factor, the final thickener, which 
handles the more difficult pulp, would have the ca- 
pacity to handle the residues from leaching 200 tpd 
of concentrate. However, with slow-settling pulps, 
such as those discharged after a temporary shutdown 
for maintenance and those produced when slimes 
were recycled to the adjustment leach, throughput 
would be reduced so that less than 100 tpd of con- 
centrate could be leached. The desired throughput 
at that time was 200 tpd. It was evident that the 
thickening characteristics of the leach slurries must 
be improved in order to avoid considerable expendi- 
ture on additional thickeners and filters. (Filtration 
characteristics were also poor.) A laboratory study 
was undertaken to find the most economic flocculant 
that would improve the thickening characteristics 
without affecting adversely the chemistry or opera- 
tion of the remaining stages in the Sherritt Gordon 
process. Details of these investigations have been 
reported in an earlier paper.’ 

Flocculant Studies: In all the settling tests on plant 
slurries, the sands settled rapidly away from the 
slimes. This indicated that free settling conditions 
prevailed and that the slurries were well dispersed. 

Earlier work, by other researchers, to improve the 
sedimentation of the red muds in the Bayer process, 
had shown that organic compounds: such as flour and 
starch were the most useful for improving the sepa- 
ration of the colloidal iron oxide slimes from the 
caustic aluminate liquors.” In view of the similarity 
between the two slurries, laboratory studies were 
first concentrated on the available starches and 
starch products and were later expanded to cover 
commercial organic flocculants. 

For initial evaluation of these materials, sedimen- 
tation tests were carried out in 1-liter glass graduate 
cylinders. Typical settling rate curves for the slow- 
est-settling particles, obtained by plotting the depth 
of clear liquor against time, are shown in Fig. 2 for 
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final leach discharge slurries treated with various 
quantities of some of these flocculants. 

Of necessity, the final leach discharge slurry sam- 
ples for this work were taken over a period of weeks. 
Since the natural settling rates of these samples 
varied considerably, the settling rate ratios of the 
treated to the untreated slurries were taken as the 
criterion for comparing effectiveness of flocculants. 
The ratios were determined from the settling rates 
in the free-settling zones only (ab on the curves in 
Fig. 2). 

Standard laboratory filtration tests were also car- 
ried out as part of the flocculant testing program. 
Here again the ratios of the filtration rates, deter- 
mined on a dry solids basis, of the treated and un- 
treated slurries were preferred for comparative pur- 
poses. With these ratios reproducible results were 
obtained consistently. 

In the final evaluation, cost of the flocculants and 
cost of preparing them for use were related to their 
effectiveness in improving the settling and filtration 
rates. From this final evaluation, Dow Chemical Co. 
Separan 2610* was selected as being of most prom- 


* Now marketed as a purified product under the trade name 
Separan NP10. 


ise In Overcoming the sliming problem. 

Three months prior to this conclusion, the bene- 
ficial effect of American Cyanamid Aeroflioc 552 had 
been demonstrated. Since this flocculant was readily 
available, it was added to both thickener feeds in 
quantities of 0.5 to 1.0 lb per ton of nickel concen- 
trate. Although some improvement was obtained, 
sliming conditions still occurred periodically, and 
when Separan 2610 became available in commercial 
quantities a switch to this material was recom- 
mended. To summarize the advantages of Separan: 


1) smaller quantities were required to produce the 
same improvement in settling rates, resulting in 
lower reagent costs, lower dilution of pregnant 
liquors, and greater flexibility in application, and 2) 
the incidence of compacting settling took place at a 
higher pulp density, which is desirable in a thick- 
ener employing a rake mechanism, and the com- 
pacting settling characteristics were improved. 

Effect of Separan 2610: Before Separan 2610 could 
be recommended for plant use it was necessary to 
determine its effect on the other process stages. It 
was shown that large quantities added to a batch 
leaching charge in a laboratory autoclave did not 
affect the metals extractions or improve the settling 
rate of the slurry discharged. It was also shown, by 
a solution switching procedure, followed by repulp- 
ing and redetermination of settling rates, that over 
90 pct of the Separan 2610 added to the thickener 
feed would pass out of the circuit with the solids. It 
was further shown that if any Separan 2610 were 
carried over into the following process stages, then 
it, or at least its flocculating effect, would be de- 
stroyed in the high temperature stage (450°F, 700 
psi) for the removal of undesirable sulfur com- 
pounds prior to hydrogen reduction. The fact that it 
would be destroyed in this stage was vitally impor- 
tant in clearing it for use in the refinery circuit, since 
its presence in the reduction autoclaves was shown to 
cause flocculation of the metallic nickel powder, re- 
sulting in poor operation in the batch reduction den- 
sification procedure employed.'* 

* Ed. Note: Adding Separan to the autoclave feed did not im- 


prove the settling characteristics of the autoclave discharge, i.e., 
Separan, or its effectiveness, was destroyed during leaching. 


Flocculant stability tests indicated that the Sepa- 
ran 2610 should be added to the cooled autoclave dis- 
charge slurries at a point where the agitation was 
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Fig. 3—Relationship between the final thickener diameter requirements and the Separan 2610. 
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sufficient only for mixing prior to thickening. A two- 
point addition, as a 0.25 pct solution in cold water 
or, more recently, dilute aqueous ammonia, was 
adopted for each thickener feed. 

To confirm that the faster initial settling rates 
would also mean improved thickening characteris- 
tics, thickener area requirements were determined” 
for slurries treated with various quantities of Sepa- 
ran 2610. In these tests, the thickened slurries were 
repulped to various dilutions and the settling rates 
at the various pulp densities were determined. It was 
then possible to determine the critical pulp density- 
settling velocity relationships and to calculate maxi- 
mum area requirements. The thickener diameter re- 
quirements for various feed tonnages are plotted to a 
Separan 2610 addition abscissa in Fig. 3; the settling 
rate-flocculant addition relationship is shown in the 
inset. The curves show that after the first 0.03 lb of 
Separan 2610 per ton of concentrate fed to the cir- 
cuit, there was an average reduction of 47 pct in 
thickener area requirements. Increasing the floccu- 
lant addition above 0.03 lb per ton progressively 
improves thickening characteristics but decreases 
the area requirements by only 25 to 30 pct (depend- 
ing on the concentrate feed rate) for each additional 
0.10 lb of Separan per ton of concentrate feed. 

These curves indicate that the economic optimum 
addition, for a daily maximum feed rate of 300 tons 
of nickel concentrate, would lie between 0.03 and 
0.06 lb per ton and that the inferences drawn from 
the settling rate data were completely justified. 

During the start-up operations between May 1954 
and January 1955, when design capacity of the re- 
finery was attained, sliming conditions often oc- 
curred in the thickeners. Separan 2610 was received 
in commercial quantities on Jan. 19, 1955. At that 
time operation of the adjustment thickener was 
satisfactory with 30 to 40 in. of clear liquor, but 
overflow to the final thickener was turbid. It was 
recommended that 0.03 lb of Separan 2610 per ton of 
concentrate be added to the adjustment thickener 
feed and 0.06 lb per ton to the final thickener feed. 
By January 24th 70 in. of clear liquor was being 
maintained in the adjustment thickener and by 
January 28th the steady improvement in the depth 
of clear liquor (5 in. per day) had resulted in 45 in. 
of clear liquor in the final thickener. Except for two 
occasions when the rake mechanism was overloaded 
because the slimes load in the thickener was dropped 
too rapidly by an excessive Separan 2610 addition, 
operation of the thickeners has since been excellent 
and the residues from leaching up to 400 tpd of con- 
centrate have been thickened without any recur- 
rence of sliming. 

Although Separan 2610 has given satisfactory re- 
sults, new flocculants, as they become available, are 
evaluated following the procedures established in 
Sherritt Gordon’s research laboratory. Aerofloc 550 


(American Cyanamid), Polyox (Union Carbide) and 
Separan NP20 (Dow Chemical) have given promls- 
ing results and are being further investigated to de- 
termine their effect on the remaining stages of the 
process. 

Pumping: During the start-up period, pumping the 
thickener underflow presented a number of operat- 
ing problems. The viscous, almost gelatinous under- 
flow from the final thickener was particularly diffi- 
cult, and there was hammering in the pumps and 
lines because of the high vapor pressure of the 
warm, highly ammoniacal slurries leading to vapor 
locks on the suction sides of the pumps.** 

The original and present underflow pumping sys- 
tems are compared in Fig. 4. The 3-in. pumps, of the 
enclosed VMA Dorrco diaphragm type, have an ad- 
justable stroke and a rated capacity of 40 igpm. All 
wetted parts are of 304 stainless steel. At first these 
pumps were located at the top of the thickener 
straight-walls. After they were lowered 7% ft and 
3-in. underflow lines were substituted for the orig- 
inal 2-in. lines, the hammering ceased, and slurries 
of higher pulp density could be pumped from the 
thickeners. This proved advantageous in the subse- 
quent filtration. As the Dorrco pumps are not de- 
signed to pump against more than a few inches of 
head, the transfer tanks also had to be lowered to 
the new location. 

Initially 3-in. O.D.S. pumps were used for trans- 
ferring the slurry, against the 27-ft head, up to the 
filters on the second floor of the leach plant. Con- 
siderable maintenance was necessary to keep the 
pumps, solenoids, and reducing valves in operation; 
on a number of occasions the tonnage had to be cut 
back. The 144-in. Vacseal pumps now used on this 
service are required to pump against a 34-ft head. 
Wemco S.R.L. pumps have been used for this duty, 
but although the rubber in these pumps lasts longer 
than that in the Vacseal, they are used only on 
standby service because of dilution from the gland 
water. 

It has been found that the rubber tears, rather 
than wears, from the impellers in the Vacseal pumps, 
probably because of surging when starved suction 
conditions exist. The Ni-hard impellers now being 
tried for this service have been satisfactory so far. 
Space limitations have restricted the size of the coni- 
cal-bottom transfer tank to 3 ft diam by 3 ft high. 
Operation of the Dorrco and transfer pumps can be 
observed through a bull’s-eye in the tank cover. A 
combination breather-overflow pipe extends from 
the top of the tank to a ditch on the main floor. This 
prevents spills from entering the pump room and 
thickener tunnel when the transfer pump fails. Since 
the start-up period this has not happened often, and 
when it has, the Dorrco pump has not been damaged 
because of the extra head. The transfer pumps on 
each thickener are inspected every three or four 


Table Il. Effect of Agitator Design in Adjustment Leach Autoclaves 
on Settling Characteristics of Discharged Pulps 


Average Set- -R. i i i 
S.R.in A Pulp Density Extractions, Pct 
Period Autoclave Type of Agitator In. Per Hr S.R.inB Kg Per Liter Ni Ss 
1 A Struthers Wells 
2 A Turbine; 30-in. diam 2.70 f 1.37 ae ot 
B Struthers Wells 1.47 137 38 
3 A Turbine; 30-in. diam 3.20 | 1.31 Pe a6 
B Turbine; 36-in. diam 4.75 f { 1.30 
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Fig. 4—Comparison of Original and Present Thickener Circuits. 


Original Circuits 

A. Drum clarifiers on adjustment thickener overflow 

only. 
B. Adjustment thickener overflow to copper boil stage. 
Final thickener overflow to adjustment leach. 
40-I.G.P.M. Dorrco underflow pumps at top of 
straight walls. 
Transfer tanks (conical bottom, stainless steel.) 
3-in. O.D.S. pumps. 
100-I.G.P.M. Worthington 2-C.G.1. pumps. 


weeks. Although centrifugal pumps are used, the fil- 
tration characteristics of the slurries are only 
slightly worsened by attrition of the floccules. 

Emptying the Thickeners: On three occasions it 
was necessary to empty one of the thickeners for 
maintenance purposes. Each thickener has a capacity 
of 540,000 Imperial gallons of pregnant liquor. Dur- 
ing the emptying procedure, it is essential to re- 
cover this solution in a form suitable for further 
processing. A heavy dose of Separan 2610 is added to 
increase the depth of clear liquor to a maximum. The 
overflow pump suction pipe is then lowered and all 
the clear liquor is pumped either into the 540,000-gal 
storage tank normally used for overflow liquor from 
the adjustment thickener or into the three 100,000- 
gal storage tanks normally used for copper-free 
liquor. Thus little time is lost when the thickeners 
are emptied, provided the storage tanks themselves 
are sufficiently empty. When the adjustment thick- 
ener is emptied, the Dorrco underflow pump is re- 
placed by a centrifugal pump of higher capacity to 
speed the solids through the circuit. When the final 
thickener is emptied, efficiency of the filters drops 
as density of the underflow falls. A switch to two 
parallel trains of two filters is adopted, but with 
further lowering of the underflow density, filtration 
is discontinued and the underflow is pumped into the 
adjustment thickener at the expense of some dilu- 
tion of the adjustment leach solution. 

After the slurry is pumped out, the remaining 
solids are hosed out and the ammonia fumes are 
blown out before the maintenance crews are per- 
mitted to enter. The 30 x 30-in. opening, normally 
fitted with a relief valve, and the manhole in the 
dome are used for blowing in air and venting the 
ammonia fumes. Gas tests are made after all lines 
have been blanked off and all switches locked. No 


Present Circuits 


Drum clarifiers eliminated. 

Adjustment thickener solution siphoned out to cop- 
per boil stage. 

40-I.G.P.M. Dorrco underflow pumps 7% ft below 
top of straight walls. 

Transfer tanks lowered 72 ft. 

Vacseal rubber-lined centrifugal pumps. 
150-I.G.P.M. Canada pumps. 

Separan 2610 addition points. 

Filtrates returned to thickeners. 


cutting or welding is permitted until these pre- 
cautions have been carried out. 

Other Problems: Torque overloading of the rake 
mechanisms often occurred during start-up when 
there were pumping difficulties and slow filtration of 
the excessively slimy pulps. Overloading, indicated 
by high readings on the ammeters, was accompanied 
by an automatic rise of the rakes. When overloading 
was extreme, the rakes were raised by a hydraulic 
jack located on the lift beam above the drive. As the 
load lightened they were gradually lowered to their 
normal position. The ammeters on the power supply 
for the rakes are conveniently located on the oper- 
ating floor and are duplicated in the leach plant con- 
trol room. Since the start-up period, overloading has 
occurred only when an excessive flocculant addition 
has caused a sudden drop of a heavy load of slimes. 

There has been little trouble with island formation 
in the thickeners. On the two occasions when islands 
did form, they were attributed to a localized effect, 
on part of the slimes load, from an excessive addition 
of flocculant. Islands were indicated when the rakes 
rode high and nothing but solution was siphoned out 
through the underflow pump. To correct this condi- 
tion, the valve on the underflow line was closed and 
the compressed air was turned on for a time. The 
underflow thickened rapidly and the rakes returned 
to normal as the heavy load of accumulated solids 
was pumped from the thickener. 


PRESENT OPERATION 

The slurry is discharged from the autoclaves by 
pressure and is cooled prior to thickening. Level con- 
trols in the autoclaves prevent the gases from being 
blown out with the slurry, and the temperature of 
the thickener feed is closely controlled at 90°F. 
These precautions minimize disturbance of the 
settling solids either by gas release or flashing. 
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The slurry lines from the two leaching trains 
merge a short distance after the pressure release 
valves. At this point there is considerable turbu- 
lence in the pipe. This has proved a good place to 
add the flocculant, since thorough mixing is rapidly 
achieved. Separan 2610 is fed in at two points, about 
1 yd apart, as a 0.25 pct solution in dilute aqueous 
ammonia. Two Orchem adjustable-stroke propor- 
tioning pumps of 0 to 15-gal per hr capacity are 
used to control the flocculant addition. 

Flocculant addition is governed by the slurry 
settling rates both before and after Separan 2610 has 
been added and by the height of the slimes in the 
thickeners. The height of slimes is determined by 
lowering a pipe into the thickener, drawing up solu- 
tion by a vacuum through a flexible pipe into a 12 
x 12-in. cone-bottom tank, and observing the clarity 
through a sight glass. The pipe is hung by a T-hook 
over pins on a scale graduated in inches. The solution 
is drained back into the thickener and the operation 
is repeated after each adjustment of the tell-tale 
pipe until a change from clear to cloudy is noted. 

The thickeners are presently being used for solu- 
tion storage as well as for thickening.’*® This is ac- 
complished by keeping the slimes level 40 to 70 in. 
below the overflow launder and by pumping out the 
solution through a siphon pipe instead of allowing it 
to overflow. The 100-igpm Worthington 2CG1 pumps 
originally installed for the overflow solution have 
been replaced by 150-igpm Canada pumps to handle 
the increased plant throughput. 

Solution level indicators of the bubbler type are 
used in the thickeners. Final thickener level is kept 
15 to 20 in below the overflow launder. This pro- 
vides surge space and enables partially treated con- 
centrate to be handled in the final leach circuit dur- 
ing an adjustment leach shutdown. It also provides 
space for the contents when a 17,000-gal autoclave is 
emptied for inspection or maintenance. This pro- 
cedure has avoided the cost of new stainless steel 
storage tanks, conserved floor space, and facilitated 
the slurry handling problem. 

Pulp density of the adjustment thickener under- 
flow is controlled to about 2.000 sp gr (50 pct solids 
by weight) by adjusting the stroke on the Dorrco 
underflow pump. Pulp specific gravities as high as 
2.100 or 2.200 can be handled satisfactorily, but 
above this a continuous stream of water must be fed 
into the thickener cone. 

The final thickener underflow is considerably more 
viscous; consequently a lower specific gravity of 
about 1.800 (57 pct solids by weight) is necessary to 
obtain satisfactory pumping. Here again, dilution 
water to the thickener cone is used to lower the den- 
sity. The final thickener underflow is recirculated 
only when it is necessary to raise the underflow pulp 
densities to these optimum values. 


COUNTERCURRENT DECANTATION VS 
THICKENING AND FILTRATION 


Capital cost estimates prepared from pilot plant 
data showed that in 1953 a CCD circuit for separat- 
ing and washing the final leach residues would cost 
about $700,000 more than the thickener-filters cir- 
cuit. The comparison was based on the assumption 
that the two circuits would have the same washing 
efficiency and that the same overall water balance 
would have to be maintained. At that time, and 
without the use of flocculants, it was estimated that 
six 108-ft diam thickeners in CCD would be required 
to equal the performance of the filter wash circuit, 
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operating on the residues from 200 tpd of concen- 
trate. Estimated operating costs were shown to be 
lower for CCD than for the thickener-filters circuit, 
but it was also shown that the plant would have to 
operate 10 to 12 years before the savings in operat- 
ing costs would pay off the increased capital cost. 
The lower capital outlay was obviously preferable 
and the thickener-filter circuit was installed. 

Modifications and improvements to the thickener- 
filters circuit have made it possible to separate and 
wash the leach residues from 400 tpd of concentrate 
in the equipment originally installed. Despite this 
considerable achievement the availability of power- 
ful synthetic flocculants has changed the picture to 
such an extent that if the choice had to be made to- 
day (1958), the economics would favor a CED cir- 
cuit. Using 0.22 lb per ton of Separan 2610, the resi- 
due from 400 tpd of concentrate could be washed in 
a CCD circuit of six 84-ft diam thickeners. Such a 
circuit would require a capital outlay of $280,000 
more than the corresponding thickener-filters cir- 
cuit, but the savings effected in operating costs 
would pay off the increased capital cost in about two 
years. 

It should be emphasized that this comparison 1s 
only applicable in the design of a new plant. There 
is no justification for replacing existing equipment 
with a CCD circuit, because the $1.5 million capital 
investment required could not be paid off by the 
estimated savings in operating costs in less than ten 
years. 


The authors express their appreciation to E. L. 
Brown, President, and to the management of Sher- 
ritt Gordon Mines Ltd. for permission to publish the 
data in this article. They also acknowledge the as- 
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Chemical Metallurgical Div. and the Research and 
Development Div. 
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veryone in the coal industry from top manage- 
kL. ment to the preparation engineer is vitally 
interterested in recovering as much salable coal as 
possible from the run-of-mine product. Coal losses 
from a preparation plant occur in the solid refuse 
material being discharged from the plant and in the 
bleed-off slurry from the water circuit. The refuse 
is generally hauled from the plant in solid form by 
trucks, conveyors, or aerial trams to the refuse or 
culm banks or it may be crushed and transported by 
hydraulic methods to refuse ponds or dams. The 
loss of coal in refuse material and the extent of 
this problem has been covered in another paper.’ 
The loss of salable coal in the plant bleed-off slurry 
is one of the water circuit problems in coal prepar- 
ation plants. Slurries originate at various places in 
the processing circuits and are usually disposed of 
by transportation to waste ponds known as slurry 
ponds. 

Even though the combustible material discharged 
as slurry and refuse from the plant is labeled a 
loss, the loss must only be considered temporary. 
There is a tendency at the present time to examine 
refuse and slurry losses and to reprocess these 
materials to recover valuable coal. 

Slurries from eight bituminous coal preparation 
plants in central and western Pennsylvania have 
been sampled and examined to determine the 
amount of recoverable coal in each. Examinations 
of the samples were made to determine the tons per 
hour of solids and the gallons per minute of water 
in the slurry; the size, ash, and sulfur analyses 
of the solids; and the sink-fioat characteristics of 
the larger solids. The extreme fines (—325 mesh 
material) from one of the samples has been exam- 
ined further to determine the micron size fractions 
as well as the ash and sulfur content of the micron 
sizes. 

Collection of the Samples: Field trips were made 
to each of the plants where samples were obtained 
and discussions held with the preparation engineer 
prior to sampling. The flowsheet of the plant oper- 
ation was studied and a time-period selected to 


H. B. CHARMBURY, Member AIME, is Head, Department of 
Mineral Preparation, and D. R. MITCHELL, Member AIME, is 
Acting Dean, College of Mineral industries, The Pennsylvania State 
University, University Park, Pa. TP 59B86. Manuscript, March 20, 
1959. San Francisco Meeting, February 1959. AIME Trans., Vol. 


217, 1960. 


CHARACTERISTICS OF 
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PLANT SLURRIES 


by H. B. CHARMBURY and D. R. MITCHELL 


obtain a representative sample. At least 20 1-gal 
samples of total plant bleed-off suspensions were 
collected at each plant in increments over desig- 
nated periods belived to be typical of the plant flow. 
Three of the samples were obtained from plants 
in the Pittsburgh area. Each plant supplied infor- 
mation on the capacity, operating time, type of 
cleaning equipment used, water and material bal- 
ances, and auxiliary equipment. From the time re- 
quired to collect given amounts of slurry and from 
the amount of solids in the slurry, total solids 
discharges from the plant were calculated and com- 
pared with the plant flow. Ash and sulfur analyses 
of the total solids were also checked, at some plants, 
with company figures. In all cases where checks 
could be made there was reasonable agreement be- 
tween company figures and those reported here. 
Analysis of the Slurries: Representative fractions 
of properly agitated samples were examined in the 
laboratory to determine the specific gravities of the 
slurries. The solids and water were separated by 
filtration to check the weight of each so that the 
percent of solids in the pulp could be determined. 
From the resulting data, presented in Table I, it 


Table |. Slurry Flow Data 


Slurry, Solids, Solids, 


Plant Gpm Sp Gr Pct Tph 
A 400 1.173 39.0 45.61 
B 400 1.098 21.1 23.21 
ke 400 1.034 7.8 8.04 
D 300 1.023 7.6 5.82 
E 340 1.092 32.7 30.28 
F 200 1.022 vs) 3.87 
G 360 1.010 2.8 2.61 
H 90 1.087 27.6 6.76 


may be seen that the percent solids in the slurries 
ranges from 2.8 to 39.0 and the amount of solids 
from 2.61 to 45.61 tph. 

Size Analysis of Solids: Representative fractions 
of the slurries were permitted to settle and the 
clear water was removed by siphoning. The solids 
were then wet-screened at 28, 35, 48, 65, 100, 150, 
200 and 325 mesh. Results of the size analyses are 
presented in Table II. These results indicate the 
extreme variation of sizes and in most cases the 
degree of fineness of the solids. The amount of —325 
mesh ranges from 22.5 to 84.5 pct and the amount 
of +200 mesh from 8.3 to 69.1 pct. 


oO 


PLANT SLURRY 

45.61 THP 

30.14 PCT ASH 
2.15PCT 


DESLIMING AT 200 MESH 


+200 MESH — 200 MESH REFUSE 


13.36 TPH 32.25. TPH 
.54 PCT ASH 38.68 PCT ASH 
2,40 PCT S 
CLEANING AT 1.50 SP GR 
CLEAN COAL REFUSE 
12.13 TPH 1.23 TPH 
5.05PCT ASH 54.9 PCT ASH 
1.36PCT S 3,39 PET S 
Fig. 1. Plant A 
Chemical Analysis of the Solids: Owing to 


the relatively small amount of material in some 
of the size fractions it was impossible to obtain a 
chemical analysis of each size. Thus several size 
fractions from the various samples were combined 
and analysed for ash and sulfur. These results, 
given in Table III, are on a dry basis. From these 
data it may be seen that the dry ash in the slurry 
solids ranges from 10.08 to 38.74 pct and the dry 
sulfur from 0.99 to 2.88 pct. In five of the eight plants 
the percentage of both ash and sulfur are low 
enough for the solids to represent a marketable 
product, provided they could be recovered and 
blended with other clean coal from the plant. The 
dry ash and sulfur values of these five samples are 
all in the range of 10.08 to 13.64 pct and 0.99 to 
2.88 pct, respectively. 

Washability Analysis of +200 Mesh _ Solids: 
Washability or sink-float data at 1.50 sp gr were 
obtained on all combined size fractions above 200 
mesh. These analyses were made to determine pos- 
sible grades and recoveries when the +200 mesh 
portion of the slurries were cleaned. The results, 
listed in Table IV, indicate high grades and high 
recoveries in all cases. Recoveries run from 75.2 to 
98.8 pct, and the ash and sulfur contents of the clean 
coal or float fractions are all in the marketable 
range. The percent ash in the float products ranges 
from 2.76 to 5.12 and the percent sulfur from 0.50 
tomle5G: 

Examination of —325 Mesh Solids: It was pointed 
out previously that 22.5 to 84.5 pct of the solids in 
the various slurries were —325 mesh, air-dry basis. 
One of these samples from the western Pennsyl- 
vania area was examined to determine the size 
consist and chemical analysis of the —-325 mesh 
portion of the slurry. 

A size analysis was attempted by a sedimentation 
process but results were not satisfactory. It was 
believed that the inconsistent values obtained were 
due to traces of oil on the solids hindering natural 
settling. Centrifuging the samples at 2500 rpm was 
found to produce distinct layers of solids ranging in 
color from a light yellow to green to brown to dull 
and light gray from bottom to top. When the centri- 
fuge was manipulated at different speeds, ranging 
from 250 to 2000 rpm, for different lengths of time 
the various color fractions could be separated and 
removed one at a time. 

After the individual fractions were obtained they 
were dried and weighed to determine the weight 
percent, and then ash and sulfur analyses were 
made of each fraction. Finally, individual particles 
were examined microsopically to obtain some indi- 
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cation of the exact size range. The results are 
presented in Table V. 

The first fraction to be removed contained rela- 
tively large pyrite particles. The size range was 
15 to 75p, the ash content 45.8 pet, and the sulfur 
4.96 pct. The second fraction contained primarily 
large coal particles from 5 to 45yp in size. Ash con- 
tent was 35.0 pct and the sulfur 1.85 pct. Fractions 
3, 4, and 5 were progressively smaller and smaller 
particles, showing an increase in ash content and 
a decrease in sulfur content with decrease in size. 
Positive identification of the particles became more 
difficult as the size decreased. 


EVALUATION OF RESULTS 

Examination of all the data revealed that each 
plant must be considered as an individual case. At 
some plants recovery of the solids as they exist 
would produce a low-grade marketable product, at 
some plants a desliming operation at 200 mesh fol- 
lowed by recovery of the coarse fraction would 
be necessary, and at others desliming followed by 
cleaning of the coarse fraction would be required to 
obtain a high-grade product. An evaluation of each 
plant is presented below. 

Plant A: This plant has a capacity of 1200 tph 
run-of-mine coal. The data in Table I indicate that 
45.61 tph of dry solids or about 3.8 pct of the solid 
input to the plant is being discharged to the slime 
pond. At the time of sampling, the plant was oper- 
ating 141%4 hr per day 4% days per week. The solids 
being discharged were coming from a Dorr thick- 
ener underflow and the feed to the thickener was 
composed of approximately 50 pct floation tailings 
and 50 pct overflow from a free-discharge Rheo 
refuse tank. The solids contained 30.14 pct ash and 

Fig. 1 shows that it is theoretically possible to 
recover 13.36 tph by desliming at 200 mesh. Removal 
of the —200 mesh fraction would result in a pro- 
duct with 9.54 pct ash and 1.55 pet S. Under certain 
conditions this could be mixed with other products 
of the plant and marketed. This recovery would be 
equivalent to 193.72 tpd. By cleaning the deslimed 
product at 1.50 sp gr it was shown that the coal may 
be upgraded to 5.05 pet ash and 1.36 pct S. Under 
these conditions the recovery would drop to 12.13 
tph, or 175.88 tpd. Progress is now being made at 
this plant to recover the deslimed material. 

Plant B: At the time of sampling this plant was 
operating 14% hr per day, 5 days a week. It was 
processing 17,500 tons of ROM coal per day and 
recovering 13,000 tpd of clean coal. Data in Table I 
indicate that dry solids in the plant’s slurry dis- 
charge amounted to 23.21 tph, or 336.55 tpd, equiv- 
alent to 1.94 pct of the total product being processed. 
The solids in the slurry contained 38.74 pct ash 
and 1.81 pct S. The slurry originated as the under- 
flow from a thickener handling wash water from 
concentrating table refuse. 

The data in Tables II, III and IV show that it is 
theoretically possible to recover 2.65 tph or 38.42 
tpd of coal by desliming at 200 mesh and that the 
recovered coal could have 11.13 pct ash and 1.74 
pet S. Furthermore, cleaning the deslimed product 
at 1.50 sp gr would produce a clean coal with only 
4.98 pct ash and 1.34 pct S. In this case recovery of 
clean coal would be reduced to 2.32 tph or 33.64 tpd. 

Plant C: Operating 14% hr per day, for a 5-day 
week, this plant was processing 9000 tpd of ROM 
coal. The slurry contained 8.04 tph of solids, or 
approximately 1.3 pct of the total feed solids. The 


Table II. Size Analyses of the Solids 


Plant A ca Frat B Plant C Plant D Plant E Plant F Plant G Plant H 
Cum Cum Gum Cam ‘Gun 
Mech sum Cum Cum Cum 
we Wt, wt, Wt, wt, wt, Wt, Wt, Wt, wt, Wt, wt, Wt, Wt, 
c Pet Pct Pet Pet Pet Pet Pet Pct Pct Pct Pct Pct Pct 
+28 1.1 11 0.0 0.0 0.0 0 
0.0 0.7 0.7 0.2 0.2 29.8 29.8 0.1 0.1 0.0 0.0 
2.0 0.1 0.3 74 37.2 0.1 0.2 0.2 0.2 
35x48 2.9 5.9 0.0 0.0 0.2 0.2 1 3.3 0.1 0.4 7 
: 3 44.8 0.3 0.5 1.8 2.0 
4.8 10.7 0.8 0.8 0.4 0.6 2.2 5.5 0.7 ial 7.4 52.2 0.9 1.4 4.2 6.2 
65x100 6.3 17.0 3.2 4.0 1.5 21 3.8 9.3 4.8 5.9 6.8 59.0 2.3 3.7 7.2 13.4 
100x150 7.0 24.0 4.3 8.3 3.4 5.5 5.4 
: : E 14. 12.6 18.5 6.1 65.1 3.7 7.4 9.1 22.5 
50x200 5.3 29.3 3.1 11.4 2.8 8.3 6.4 21.1 11.7 30.2 4.0 69.1 2.9 10.3 Te 29.7 
200%325 14.2 43.5 9.0 20.4 7.2 15.5 14.2 35.3 22.4 52.6 8.4 77.5 20.5 30.8 16.6 46.3 
= 56.5 100.0 79.6 100.0 845 100.0 64.7 1000 47.4 100.0 225 100.0 69.2 100.0 53.7 100.0 
Table III. Chemical Analyses of the Solids 
Plant A Plant B 
Mesh Size Wt, Pct Ash, Pet S, Pct Mesh Size Wt, Pct Ash, Pct S, Pct 
+65 10.7 7.24 1.49 +100 4.0 7.85 1.63 
65 x 200 18.6 10.87 1.58 100 x 200 7.4 12.90 1.80 
—200 70.7 38.68 2.40 —200 88.6 42.29 1.61 
Head 100.0 30.14 2.15 Head 100.0 38.74 1.62 
Plant C Plant D 
Mesh Size Wt, Pct Ash, Pet S, Pct Mesh Size Wt, Pct Ash, Pet S, Pct 
+ 150 5.5 4.74 0.68 +100 9.3 10.18 1.65 
150 x 200 2.8 6.05 0.76 100 x 200 11.8 5.79 1.35 
—200 91.7 39.43 1.95 —200 78.9 12.09 1.12 
Head 100.0 36.59 1.85 Head 100.0 11.17 1.20 
Plant E Plant F 
Mesh Size Wt, Pct Ash, Pct S, Pet Mesh Size Wt, Pct Ash, Pet S, Pct 
+100 5.9 3.74 90 5 52.2 8.99 1.92 
100 x 200 24.3 4.37 0.84 65 x 200 16.9 17.34 3.05 
—200 69.8 12.60 1.66 —200 30.9 19.48 4.40 
Head 100.0 10.08 1.42 Head 100.0 13.64 2.88 
Plant G Plant H 
Mesh Size Wt, Pet Ash, Pet S, Pct Mesh Size Wt, Pct Ash, Pct S, Pct 
+100 3.7 8.72 1.21 +100 13.4 3.90 0.83 
100 x 200 6.6 5.17 1.00 100 x 200 16.3 4.59 0.77 
—200 89.7 11.46 1.25 —200 70.3 15.90 1.07 
Head 100.0 10.94 1.23 Head 100.0 12.45 0.99 
Table 1V. Washability Data on +200 Mesh Sizes at 1.50 Sp Gr 
Plant A Plant B Plant C Plant D 
Mesh size +100 +150 +100 
Wt, Pct Asa Pet S, Pet Wt, Pct Ash, Pct S, Pct Wt, Pct Ash, Pet S, Pet Wt, Pct Ash, Pct S, Pct 
Ry 5.10 1.36 93.0 4.78 1.30 92.8 2.83 0.50 89.9 4.49 0.95 
Se "83 39.20 3.34 7.0 48.55 5.69 7.2 29.46 3.13 10.1 60.77 7.25 
Head 100.0 7.24 1.49 100.0 7.85 1.63 100.0 4.74 0.68 100.0 10.18 1.65 
Mesh size 65 x 200 100 x 200 150 x 200 100 x 200 
; 501 7 5.10 1.36 87.1 3.06 0.52 93.9 3.04 0.83 
60.15 59.59 4.23 12.9 26.29 2.36 6.1 48.50 9.80 
Head 100.0 10.87 1.58 100.0 12.90 1.80 100.0 6.05 0.76 100.0 5.79 1.35 
Plant E Plant F Plant G Plant H 
Mesh size +100 +65 +100 +100 
Wt, Pct Ash, Pct S, Pct Wt, Pct Ash, Pct S, Pct Wt, Pct Ash, Pct S, Pct Wt, Pct Ash, Pct S, Pct 
; 7 90.5 5.12 1.53 91.6 3.38 0.84 98.8 3.44 0.68 
Sink ne seen 10:87 9.5 45.91 5.68 8.4 66.67 5.29 1.2 42.49 14.30 
Head 100.0 3.74 0.90 100.0 8.99 1.92 100.0 8.72 1.21 100.0 3.90 : 
Mesh size 100 x 200 65 x 200 Hades 
Head 100.0 4.37 0.84 100.0 17.34 3.05 100.0 5.17 1.00 100.0 4.59 0.77 


Table V. Size and Chemical Analyses of Centrifuge Products 


Approximate 
Size, Microns 


— 325 Mesh, Total Solids, ——- -— 

Wt, Pct Wt, Pct Min Avg 
Fraction No. 1 31.2 17.6 ns) 45 
Fraction No. 2 22.5 12.7 5 29 
Fraction No. 3 32.6 18.4 3 12 
Fraction No. 4 12.1 6.9 — 4 
Fraction No. 5 1.6 0.9 —_— 1 

100.0 56.5 


* 56.5 pet of the solids —325 mesh. 


from the +325 Mesh Solids, Plant A* 


Cumulative 


Max” Ash, Pet S, Pet Ash, Pet S, Pet 
75 45.8 4.96 5.8 4.96 
45 35.0 1.85 41.3 3.66 
30 46.9 1.14 43.4 2.71 
13 67.3 0.78 46.3 2.47 
5 87.8 0.93 7 2.45 


solids, containing 36.59 pct ash and 1.85 pct S, origi- 
nated as overflow materials from concentrating table 
settling tanks. They were extremely fine in size, 
91.7 pet —200 mesh. However, removal of the —200 
mesh slimes produced a relatively clean coal with 
5.19 pct ash and 0.71 pct S. The amount of clean coal 
produced by desliming at 200 mesh would be 0.67 
tph or 9.72 tpd. Cleaning the deslimed product at 
1.50 sp gr would yield 0.61 tph or 8.84 tpd of clean 
coal with 2.92 pct ash and 0.51 pct S. 

Plant D: Operating 24 hr a day, 5 days a week, 
this plant was processing 6000 tpd of ROM coal and 
producing 4600 tpd of clean coal. The discharge 
slurry originated from several sources—overflow 
from a concentrating table settling tank, overflow 
from a chance cone system, and scrubbings from 
cleaning the gases of two flash driers. The slurry 
was being pumped to a deep mine. Solids amounted 
to 5.82 tph, or 139.68 tpd, equivalent to about 2.3 
pct of the feed coal to the plant. The solids contained 
only 11.17 pct ash and 1.20 pct S. The slurry con- 
tained only 7.6 pct solids, but thickening and filter- 
ing alone would recover a salable product that could 
be blended in with the other clean coal from the 
plant. 

Plant E: This plant was also operating 24 hr 
per day, 5 days per week, and producing 4800 tpd 
of clean coal. Slurry from the plant was a thickener 
underflow containing 32.7 pct solids. The solids only 
contained 10.08 pct ash and 1.42 pct S. Recovery of 
this material and blending with other plant pro- 
ducts would increase plant production by 1726.72 
tpd, or approximately 15 pct. Steps are being taken 
to recover this material. 

Plant F: At 14% hr per day, 5 days a week, 
capacity of plant F was 200 tph of ROM material. 
Total slurry amounted to about 1.4 pct of the plant 
input, or 3.87 tph of dry solids. The slurry origi- 
nated as fine coal overflow from a Chance cone 
system and as a spray water suspension from scrub- 
bing gases from a thermal dryer. Solids in the slurry 
contained 13.64 pct ash and 2.88 pct S. Thickening 
and filtering this slurry, which contained only 7.6 
pet solids by weight, would result in marketable 
product that could be blended with other plant pro- 
ducts. The data in Tables II, III, and IV show that 
desliming and cleaning at 1.50 sp gr will result in 
2.32 tph, or 33 tpd of clean coal containing 5.08 pct 
ash and 1.54 pct S. 

Plant G: This plant was producing 25,000 tons 
of clean coal per week by operating 24 hr per day 
5 days a week. The slurry from the plant contained 
2.8 pet solids by weight and the solids amounted 
to 2.61 tph. On a dry basis the solids contained 
10.94 pct ash and 1.23 pct S. The solids in the slurry 
originated as overflow material from a Chance proc- 
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ess and overflow from a settling tank recovering fine 
coal from a tabling operation. 

Thickening and filtering these solids would result 
in increasing the recovery about 1 pct, or roughly 
62.64 tpd. By desliming at 200 mesh and cleaning 
the deslimed product at 1.50 sp gr the clean coal 
product could be upgraded to 3.42 pct ash and 0.83 
pet S. However, in this case the recovery would 
drop to 0.25 tph or 6.00 tpd. 

Plant H: Operating 14% hr per day for a 5-day 
week, plant H was processing 156 tph of ROM ma- 
terial and producing 135 tph of clean coal. The 
slurry contained 6.76 tph of solids on a dry basis, 
equivalent to about 4.3 pct of the plant feed. The 
slurry originated as underflow material from cy- 
clones and contained about 15 pct solids. 

Recovery of the solids which contain 12.45 pct 
ash and 0.99 pct S would increase production 5.0 pct 
and result in an additional 98.02 tpd of cleaning coal. 
Desliming at 200 mesh and cleaning the +200 mesh 
at 1.50 sp gr would lower recovery to 1.98 tph, or 
28.71 tpd, but the clean coal would be upgraded to 
3.79 pet ash and 0.70 pct S. By desliming at 200 
mesh and recovering the +200 mesh fraction it 
would be possible to recover 2.01 tph or 29.14 tpd 
of clean coal with 4.28 pct ash and 0.80 pct S. This 
would result in an increase in production of 3.1 pct. 


SUMMARY 


Waste solids in the slurries from eight preparation 
plants in Pennsylvania ranged from 56 to 725 tpd 
and averaged 230 tpd. In some surries all the solids 
were low enough in ash and sulfur to represent sal- 
able coal. In other slurries the solids would have to 
be processed t6 be marketable, and in these cases 
recoveries may be as low as 10 pct. But if the aver- 
age figure of 230 tpd is applied to the 96 coal prep- 
aration plants in Pennsylvania alone, more than 4 
million tons of recoverable coal are being discharged 
from these plants. Assuming an average value of 
$3.00 per ton, this is equivalent to a $12 million loss 
per year. 

It is recognized that recovery of solids from slurry 
material is a matter of economics and that in some 
cases known methods of coal-water separations 
would not be satisfactory to recover this material. 
However, it is recommended that consideration be 
given to the problem and that research be conducted 
on new, more efficient, and more economical meth- 
ods of recovering coal from preparation plant 
slurries. 
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WATER LAWS RELATED TO MINING 


W ater laws important to the mining industry are 
those which govern or affect the right to use 
water, to dispose of water after using it in mining or 
milling, and to discharge waste material into water- 
courses. They include statutes and court decisions 
having general applicability, as well as others that 
pertain specifically to mining. 


THE INDUSTRY’S CONTRIBUTION TO 
WESTERN WATER LAW 


Despite sharp differences of opinion, the water law 
the Spaniards brought to the Southwest appears to 
have included some form of appropriation of water. 
The Mormons, who settled in Utah in the mid-nine- 
teenth century, also developed a system of appro- 
priative water titles. But by far the most profound 
impact on western water law was made by the gold- 
seekers who flocked to the Sierra Nevada foothills of 
California after the discovery of gold in 1848. Much 
of the gold was extracted from the ground by hy- 
draulic or placer mining, and so the miners’ rights 
to the use of water became fundamentally important. 
Since there was no organized government in the 
foothills and no laws other than those made by the 
miners, they helped themselves to the land, the 
gold, and the water needed to work their claims.’ 
They established and enforced regulations governing 
the acquirement and holding of mining claims and 
their rights to the water they needed. In 1879 Justice 
Field, former Chief Justice of the California Supreme 
Court, spoke for the U. S. Supreme Court in saying 
that the miners were “emphatically the law-makers, 
as respects mining, upon the public lands in the 
State.’ 

Rules of the California mining camps were based 
on two essential principles: 1) priority in discovering 
claims and appropriating water by diverting it from 
streams and putting it to use, and 2) diligence in 
working claims and applying water in mining. The 
customs so developed, which were copied in mining 
areas of other states and territories, were enacted 
into law in one western jurisdiction after another. 
They form the basis of what is called the arid-region 
doctrine of prior appropriation of water, which re- 
ceived the attention of Congress in legislation recog- 
nizing and protecting appropriations of water for 
mining, agriculture, and other purposes on the pub- 
lic domain.* In several western states a great num- 
ber of water cases decided in the early years in- 
volved relative rights to the use of water for min- 
ing purposes or for milling connected with mining.” 
The miner’s inch, the customary unit for measuring 
water in the mining camps, is still used in various 
western communities, although its relation to the 
cubic foot per second varies from one area to another. 
Undoubtedly, the miners of a century ago made the 
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major contribution to the appropriation doctrine as 
it is now recognized and applied throughout the 
West. 

What inspired the California gold-seekers to de- 
velop these principles? Thoughtful writers have 
pointed out that their regulations and customs were 
strikingly characteristic of much earlier mining en- 
terprises in the Old World.’ It is said that the right 
of free mining and free use of flowing water therefor 
—so similar to the California conditions and prac- 
tices—was a part of the customs of Germanic miners 
in the Middle Ages, that it spread from middle Eu- 
rope to other countries and colonies, and that the 
doctrine of prior appropriation was widespread in 
the important mining regions of the world. Certainly 
the Forty-niners came to California from many 
countries. It does not tax the imagination to con- 
sider that they may have brought with them some 
knowledge of the old Germanic customs and applied 
this knowledge in their new environment. 


RIGHTS TO USE OF WATER IN GENERAL 

In the West, rights to the use of water of water- 
courses fall into two categories—appropriative and 
riparian. The doctrine of prior appropriation is rec- 
ognized in each of the 17 western states. The riparian 
doctrine is recognized concurrently with the appro- 
priation doctrine in some of these states but has been 
abrogated in the others. The riparian doctrine pre- 
vails generally throughout the East, although there 
is now considerable interest in developing some- 
thing else. Generally speaking, the appropriation 
doctrine has been highly developed in the West, 
whereas the principles of riparian doctrine have 
been comprehensively established in only a few 
states throughout the country. 

The subject of water rights is a big one. Space 
permits no more than a brief discussion of aspects 
that bear upon the title of this article. 


RIGHTS OF PRIOR APPROPRIATION 

Fundamental to the doctrine of prior appropri- 
ation is the principle first in time, first in right. Al- 
though in some states there are statutory exceptions, 
the original and still generally prevailing rule is 
that the first one who initiates a right to divert and 
use water of a stream, and who completes his under- 
taking with reasonable diligence, acquires thereby 
the first right of appropriation of the specific quantity 
of water involved. Each succeeding right in point of 
time is junior to all earlier rights but senior to all 
later ones. The practical effect of this priority system 
is that when the water supply is not enough for all, 
the earliest rights must be fully satisfied before any 
water may be taken by those later in time. 

Acquirement of Appropriative Rights: Each of the 
17 western states has a statute under which water 
may be appropriated pursuant to a prescribed pro- 
cedure. Generally, the first step to be taken by the 
intending appropriator is to file application in the 
office of the State Engineer for a permit to make the 
appropriation. In most but not all states, valid ap- 
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propriations of water may be made only by follow- 
ing this procedure.* 


* For two exceptions, see Ref. 7. 


Place of Use: Under the appropriation doctrine, 
water may be used on land regardless of its con- 
tiguity to the stream from which the water is di- 
verted. In most states it may be used, under certain 
conditions, in a watershed other than that in which 
it originates. 

Loss of Water Rights: The appropriative right re- 
mains in effect so long as it is properly exercised. But 
if the holder ceases to make beneficial use of the 
water the right is subject to loss. This may occur 
in several ways: voluntary abandonment by the 
holder; failure to use the water throughout a period 
of years prescribed by statute; prescription on the 
part of an upstream claimant; or equitable estoppel. 


RIPARIAN RIGHTS 


The riparian doctrine accords to the owner of 
land contiguous to a watercourse the right to use the 
water on or in connection with his riparian land, 
solely by reason of its location. The riparian owner’s 
water right does not relate to a fixed quantity of 
water, as does the appropriative right. In general, it 
encompasses such quantity as is reasonable at a 
particular time in consideration of the reasonable 
needs of other riparian landowners—a highly vari- 
able factor. In the strict exercise of the riparian 
right, the place of use of the water is confined to the 
land to which the right relates. Under some circum- 
stances, however—particularly when no injury re- 
sults to other riparian Jandowners—courts in some 
states have sanctioned use of the water on other 
riparian land and even on nonriparian land.* 

* Both cases referred to in Ref. 8 involved the obtaining of water 
supplies for oil drilling operations. 

The riparian right is a part of the riparian land 
itself, and it is acquired with acquisition of title to 
the land. The right may be lost by prescription, and 
there are other ways in which it can be separated 
from the land.* 


RIGHTS TO USE OF GROUND WATER 


Several systems of water rights apply to those 
sources—known as ground waters—that exist natu- 
rally under the surface of the earth. If such waters 
move through the ground in definite streams, the law 
of water courses governs their use. Otherwise the 
ground waters are called percolating and are sub- 
ject to rights of use that vary from one jurisdiction 
to another. That is, in some states the owner of land 
owns the percolating waters that exist in his land; 
in others he has rights of reasonable use somewhat 
comparable to the riparian right; and in still others 
the appropriation doctrine applies.” 


SOME ASPECTS OF WATER RIGHTS 

Purpose of Use: Appropriative and riparian rights 
and probably most ground water rights contemplate 
the use of water for reasonable beneficial purposes 
without unnecessary waste. 

Mining is a use of water for which an appropria- 
tion can be made; in fact, as above stated, it was for 
mining purposes that the gold-seekers developed a 
system of appropriative water rights in the Sierra 
foothills a century ago. And during that develop- 
ment period the California courts likewise applied 
the riparian principle to mining water rights. The 
lands belonged to the Government, which was not 
asserting its water rights, but the courts held that 
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the possessors of claims—-who were technically tres- 
passers—nevertheless acquired water rights that 
were good as against each other. Thus, those whose 
mining claims were not contiguous to streams be- 
came appropriators, whereas the possessors of con- 
tiguous claims were considered as having rights an- 
alogous to riparian rights of actual landowners.” 

Preferences in Use of Water: In both the appro- 
priative and riparian water law philosophies of the 
West, there are preferred uses of water. Those that 
pertain to appropriations are prescribed by statute, 
whereas riparian preferences are declared by the 
courts, which indeed created the riparian doctrine 
itself. In either case, use of water for sustaining hu- 
man life—commonly called domestic use—stands 
above all others. 

Appropriative Preferences: Whenever these pref- 
erences are declared, the statute or constitutional 
provision, as the case may be, lists domestic use as 
first, and in most cases agriculture as second. The 
long Texas list departs from the usual in that, while 
first place goes to domestic and municipal uses, the 
second is “Water to be used in processes designed 
to convert materials of a lower order of value into 
forms having greater usability and commercial value, 
ete,” third is irrigation, and fourth is “Mining and 
recovery of minerals.’”’ The constitution of Idaho 
places domestic use above all others and agriculture 
above manufacturing, but goes on to provide that in 
any organized mining district those using the water 
for mining or for milling purposes connected with 
mining shall have preference over manufacturing or 
agricultural uses.* 

Just what does a preference imply? Chiefly one of 
two things: 1) If two or more conflicting applications 
to appropriate water are pending before the State 
Engineer, he must approve the application for the 
higher use, whether or not it was filed first. In some 
cases he may even have authority to defer action on 
an application pending a prospective filing for a 
higher use. 2) An organization or agency possessed of 
the power of eminent domain may condemn an exist- 
ing water right in order that the water may be put 
to a higher use. This does not mean that a vested 
appropriative right may be extinguished so that the 
water may be put to a higher use by some other 
holder without the payment of just compensation, 
unless in its acquisition the earlier right was ex- 
pressly conditioned upon such a hazard.* In fact, the 

* In Texas certain appropriations are conditioned on their possible 
subordination to later appropriations for domestic and municipal 
purposes without compensation. See Ref. 14. 

Idaho constitutional provision above noted declares 
that exercise of the preferences shall be subject to 
the condemnation statutes. 

The Texas water appropriation statute contains 
another preference that relates specifically to min- 
ing,” to the effect that when an application is made 
to appropriate water from a stream for mining pur- 
poses, the owner of the land through which the 
stream flows shall have the prior right to appropri- 
ate the water—regardless of whether he has there- 
tofore filed—provided he files his preferred appli- 
cation within 10 days after notice of the other party’s 
application. 

Riparian Preferences: Under the riparian doctrine 
the use of water for domestic purposes is an ordinary 
or natural use entitling it to preference over agricul- 
tural and industrial purposes. This means that to 
sustain the life of his family the riparian owner may 
use as much water as necessary, but for farming or 


other business purposes his needs must be coordi- 
nated with those of all other riparians." 

Changes in Exercise of Water Rights: Another 
point of water law that requires emphasis in this 
discussion is that in most states the holder of an ap- 
propriative right may change the point of his di- 
version of water, or the place or purpose of use, pro- 
vided that in doing so he does not impair the rights 
of others. Such an injury may result, for example, 
if an appropriator for power purposes—a noncon- 
sumptive use—endeavors to change his right to ir- 
rigation of farmland. Again, a change of place of use 
to distant locality could, under some circumstances, 
seriously affect a downstream community that has 
been depending on the return flow from the upper 
project." The right to make changes not harmful to 
others was established in the early courts. Various 
old mining ditches in the Sierra foothills of Califor- 
nia are now used for power and irrigation projects. 

Holders of riparian or overlying ground water 
rights may change their points of diversion from one 
place to another on their land and may change from 
one purpose of use to another. Whether they may 
change the place of use to other land depends on the 
jurisdiction. 


WATER RIGHTS FOR MINING PURPOSES 

With these observations as a background, it is 
time now to turn to some of the ways in which water 
has been and is used in the mining industry. 

Hard Minerals: The washing away of hillsides, 
which was carried on so lavishly in the course of 
early hydraulic mining in California, resulted in the 
accumulation of so much debris in the river channels 
below that Congress took action to protect the navi- 
gability of the Sacramento and San Joaquin rivers.” 
Operations in the watersheds of these streams 
were subjected to public regulation through the 
California Debris Commission. Large quantities of 
water were used in these early operations. 

Water rights pertain to the water used in explor- 
ation and drilling operations, in running machinery, 
and in processing minerals. Water is needed for al- 
laying dust both underground and on the surface, for 
diamond drilling, and for whatever milling opera- 
tions are undertaken. The quantities required for 
drilling are comparatively small. Milling require- 
ments may be considerable, and if the water supply 
is not plentiful, efforts may be made to recover part 
of the water by using settling ponds or by other 
means. 

The uses of water in exploration and in extracting 
minerals are mining purposes. Whether the process- 
ing uses are to be classified as mining or industrial 
may depend upon the particular state policy. 

In addition to these mining and milling uses there 
is water consumption in the associated mining com- 
munity, which is so closely related to the mine itself 
that if operations close down the community may 
become a ghost town. Consumption of water for this 
essentially domestic use may be considerable. 

Petroleum: In the petroleum industry water rights 
are required with respect to uses of water in drilling, 
recovery, and refining operations. 

In exploratory drilling by the rotary method,” in 
which drilling mud is pumped down the hollow drill 
pipe for the purpose of cooling the cutting edges 
of the bits, the use of water is a reasonable beneficial 


use.* 


* This is clearly implied in the Texas cases cited on page 
and in Ref. 8. See also Ref, 20. 


In secondary recovery water-drive operations 
water is needed to flood oil reservoirs in which ex- 
tractions have reduced the initial gas pressure to a 
low level. As the natural pressure subsides, water 
is forced down injection wells and out into the oil- 
bearing strata in order to rebuild the pressure at 
withdrawal wells and thus increase the percentage of 
recoverable oil.* 


*See Ref. 21. Williams et al. raise a question as to whether a 
landowner or lessee may exercise recycling or secondary recovery 
operations the effect of which extends to the part of the structure 
underlying the lands of another. They cite Tidewater Associated 
Oil Co. vs Stott, 159 Fed. (2d) 174 (5th Cir., 1946; certiorari denied, 
Stott vs Tidewater Associated Oil Co., 331 U. S. 817, 1947), which 
involved the injection of dry gas into the structure, as having ap- 
parently recognized this ‘‘negative right,’’ at least inferentially. 


In some areas concern has been expressed as to 
the validity of appropriations of water for secondary 
recovery operations. Where nonpotable water, such 
as salt-impregnated water available in the oil fields, 
is used in these water-injection programs, there is 
at least no competition for water of the quality re- 
quired for domestic and agricultural uses. The com- 
petitors probably are chiefly or solely owners of 
lands overlying ground water reservoirs, or claim- 
ants of rights in stream waters, who wish to use the 
water in oil fields, in which case relative rights for 
the same use of water, rather than reasonableness 
of the purpose of use, would be expected to be at 
issue in a legal controversy. However, although no 
decisions of appellate courts on this point have come 
to the author’s attention, it is his belief that the use 
of even potable water for these flooding operations 
does not conflict with concepts of reasonable bene- 
ficial use that have been declared by the western 
courts. Where this use of water would fit into a sta- 
tutory list of preferential rights in a particular 
jurisdiction probably remains to be determined. The 
writer Knows of no precedents. 

Right to Use of Return Flow from Mining Opera- 
tions: The portion of water which is diverted from a 
stream in excess of the quantity consumed and which 
returns to this stream or finds its way into another 
water supply is called return flow. The right of an 
appropriator to recapture and re-use this excess 
quantity before it escapes from his premises has 
been acknowledged in various cases, but the rules 
as to whether he can recapture the water after it so 
escapes—and if so, where the recapture can be le- 
gally effected—vary from one jurisdiction to an- 
other.” With important qualifications, waste water 
that has been abandoned by the original appro- 
priators may be again appropriated in certain juris- 
dictions, particularly if it has not yet re-entered the 
stream from which it was diverted, but in the usual 
case the original user is not obliged to continue the 
waste.~ 

One of the important return-flow cases in Montana 
involved the classification of water diverted from 
watershed A into watershed B for placer-mining 
operations and thereafter released into a stream in 
watershed B. The Montana Supreme Court held that 
on the relinquishment of this return water into 
watershed B it became a part of that watershed and 
not a part of the water to which rights of use in 
watershed A attached.” 

The Colorado courts, in a series of cases, have 
taken the extreme view that once appropriated water 
escapes from the land or waterworks of the appro- 
priator and starts on its way back to the stream from 
which diverted, it becomes a part of that stream as 
completely as though it had never been diverted 
from it.” “ Elsewhere there are not so many judicial 
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precedents, and some cases allowing recapture have 
been decided.” 

An early Colorado statute provides that waters 
raised from mines in the course of mining or mill- 
ing, and thereafter reaching a natural channel away 
from the premises, are beyond the control of those 
who raise them and subject to taking by others.” 
The Colorado Supreme Court held that one who con- 
ducted such water into a stream by agreement with 
the mine owners and there appropriated it was the 
prior appropriator.” 

Acquisition and Exercise of Mining Water Rights 
Summarized: Rights to the use of water for mining 
and processing hard minerals and oil may be ac- 
quired by appropriation, or by reason of ownership 
of land riparian to streams or overlying ground 
water supplies, depending on the local situation and 
on the particular jurisdiction in which the question 
arises. Mining is a reasonable beneficial use of water 
and in the writer’s opinion, until the courts hold 
otherwise, this applies to its use in secondary oil re- 
covery or recycling operations. Where preferences in 
the use of water are applied, mining is invariably 
superseded by domestic use; otherwise its place in 
the preferential order depends on the jurisdiction. 
The principles governing changes in point of diver- 
sion, place of use, and purpose of use, the necessity 
of beneficial use without unnecessary waste, rights to 
the use of return flow, and the loss of water rights 
apply to mining uses as well as to other uses of water. 


SOME LEGAL PROBLEMS IN DISPOSAL OF 
WASTE WATER AND OTHER MATERIALS 


The legality of the methods of disposal of excess 
water after its use in mining and milling operations, 
and of disposal of waste materials into watercourses, 
are in different categories of water law from that 
relating to rights to the use of water. 

The legality of the discharge of excess water into 
a public drainageway would depend upon conform- 
ance to the drainage laws of the jurisdiction, and to 
any other statute or administrative regulation that 
governs such activity, and upon absence of resulting 
injury to others. 

Quality of the water and effect on capacity of the 
drainage channel are important factors. Additions 
of good return flow to a natural water supply are 
not only welcomed by the water users, but have also 
been the subject of numerous controversies over 
rights of use.” * Complaints over the disposal of 
waste water and other materials deal chiefly with 
the discharge of debris, contaminated materials, and 
polluted water into streams on which water rights 
are claimed and which have other public values. 

Character of Resulting Injuries: Dumping of gravel 
and soil into a stream channel to such an extent as 
to fill up the bed, and deposition of polluted mining 
debris or water in the stream, may cause injuries of 
different character and may have different legal 
effects. Thus, the results of dumping material into 
the channel may cause the stream to overflow and 
flood or erode adjacent lands; it may interfere with 
existing diversions from the stream; or it may even 
impair its navigability. It was on this last-named 
ground that Congress took action with respect to 
hydraulic mining in the watersheds of the Sacra- 
mento and San Joaquin valleys in California."® The 
operations may cause injury to individuals only, and 
so be at issue in private controversies and litigation, 
or they may affect the public adversely and hence 
become public nuisances. Likewise, the discharge of 
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injurious substances or impregnated water into nat- 
ural water supplies may cause either private or pub- 
lic injuries. And so there have been, on the one hand, 
many private suits for damages and injunctions 
against operators of mining, milling, and oil proper- 
ties, and on the other hand, enactment of statutes and 
promulgation of administrative regulations invoking 
the police power of the sovereign in the interest of 
the public welfare. 

As with the law of water rights, discussion of this 
considerable field of water law in this paper must be 
confined chiefly to a few generalities and illustra- 
tions. 

Injuries to Private Property—Mining Operations: 
In a very early case, the California Supreme Court 
took the position that: 1) it would be unrealistic to 
hold that a downstream appropriator in a mining 
region is entitled to water in as pure a condition as 
when he first constructed his ditch and 2) as to de- 
terioration in quality as the result of upstream min- 
ing operations, “the injury should be considered as 
an injury without consequent damage.’” This ex- 
treme view was later repudiated by the court” in 
favor of the principle that the appropriator is en- 
titled to protection against acts that materially de- 
teriorate the quality of the water for the uses to 
which he originally devoted it.” 

Early in the present century the Arizona Supreme 
Court held that an agriculturist might not captiously 
complain of the reasonable use of water by a miner 
upstream, even though it polluted and rendered the 
water somewhat less desirable, but that he was not 
required to submit to such pollution or accumulation 
of debris as to impair his water right substantially.” 
In affirming this decision, the U.S. Supreme Court an- 
nounced the principle that as between water users, 
the lower of which complained of pollution of the 
water by upstream mining, the question of deteriora- 
tion of quality and of resulting injury were matters 
of fact, to be determined independently in each case. 
The Court stated: * 

The Arizona statute places a water user for 
mining purposes upon no higher plane than a 
user for irrigation. The suggestion that the 
right to use for mining and reduction purposes 
cannot be exercised without polluting the 
streams with waste material, tailings, etc., and 
that the lower user cannot, therefore, complain 
of the necessary consequences of the legal right 
conferred by statute, is without force. The only 
subordination of one water user to another is 
the right of the first appropriator to uses. That 
includes the quality as well as the quantity. 
What diminution of the quality of the water 
will constitute an invasion of the rights of the 
lower appropriator will depend upon the facts 
and circumstances of each case, with reference 
to the use to which the water is applied.* ** 

In 1939, the Idaho Supreme Court expressed its 
approval of the statement of the Arizona Supreme 
Court, and stated: 

Numerous authorities announce the doctrine 
that while a prior use of the water of a stream 
for mining purposes necessarily contaminates 
it to some extent, such contamination or de- 
terioration of the quality of the water cannot 
be carried to such a degree as to inflict substan- 
tial injury upon another user of the waters of 
said stream.*** 

In a much earlier Idaho case, the supreme court had 
held that the constitutional provision according pref- 
erences in favor of mining purposes or milling pur- 
poses connected with mining in any organized min- 
ing district™ did not authorize parties engaged in 


mining or any other occupation to fill up the natural 
channel of any public stream to the injury of other 
water users.“ And with reference to a contention 
that this provision authorizes miners to discharge 
poisonous mineral matter into a stream without li- 
ability for injuries to downstream farms, a Federal 
court said later that this contention “asserts for the 
miner in Idaho constitutional rights unknown to 
American constitutional law” and is wholly unwar- 
ranted.* 


Injuries to Private Property—Petroleum Opera- 
tions: Much litigation has occurred with respect to 
asserted injuries to property and pollution of water 
supplies resulting from the escape of waste water 
and oil in the operation of oil properties. In these 
cases questions of nuisance, negligence, or breach of 
a statutory duty have been involved.” 


A few examples of claimed pollution of streams 
may be noted. Early in the present century the Texas 
Court of Civil Appeals held it to be well settled that 
the wrongful pollution of a stream by one riparian 
owner—in this instance, an oil company—to the in- 
jury of others would entitle the injured parties to 
an injunction and damages.” It would be no defense 
to such a suit, said the court, to show that the pol- 
lution was a natural consequence of conducting a 
lawful business and was not caused by negligence. 
In another case, which did not involve oil proper- 
ties, the same court pointed out that: 1) in the use 
of a stream, of a kind generally recognized by the 
public and the courts as legal, a slight impairment 
of the quality of the water, necessarily incident to 
the use when carefully and properly regulated, can- 
not be deemed unreasonable and an invasion of the 
rights of others and 2) whether a legal right of a 
riparian owner has been invaded by the use another 
riparian owner makes of the water is a question of 
fact, depending upon whether the latter’s use is 
reasonable.* And in Oklahoma, in answer to the 
contention of a riparian owner that an oil company 
was discharging into the stream large quantities of 
drilling mud, base sediment, etc., which resulted in 
damage to his land, the supreme court held in 1940 
that the mere act of pumping excess drilling water 
into the stream was not of itself unlawful and that 
it was not to be deemed unreasonable unless it was 
the proximate cause of injury to the lands or rights 
of others.” 

In addition to excess drilling water, there is the 
problem of disposing of water brought to the surface 
in the operation of oil wells, and separated from the 
oil thereafter, in such manner as not to impair the 
rights of others. Also, in making injections of salt- 
impregnated water in connection with recycling or 
secondary recovery operations, it may become neces- 
sary in some places to avoid harmful contamination 
of fresh ground water supplies to which private 
rights of use attach or to which anti-pollution sta- 
tutes may relate. 


Public Regulation: “A river is more than an 
amenity,” said Justice Oliver Wendell Holmes, “‘it is 
a treasure.’ In various states, statutes have been 
enacted with respect to the disposal of sewage, min- 
ing or other industrial waste, or other activities that 
may result in the contamination of natural streams 
and other public waters. They were passed, not for 
the settlement of private disputes, but for the pres- 
ervation of these natural treasures for the useful 
purposes to which their waters may be put, and in 
the interest of public sanitation. In addition there 


are statutes designed to protect ground water sup- 
ples from contamination caused by defective wells. 

A fairly recent example of a statute that not only 
prohibits the pollution of surface and ground waters, 
but also provides workable machinery for enforce- 
ment, is the California Water Pollution Act.* The 
State Water Pollution Control Board includes the 
heads of state agencies directly concerned with the 
subject and also members appointed from interested 
fields. The state board formulates statewide policies 
and deals with regional water pollution control 
boards of nine regions into which the state is divided. 
Each regional board prescribes requirements relative 
to any particular condition of pollution or nuisance, 
existing or threatened, in the region. The regional 
board may hold hearings and make findings, cor- 
rective measures being taken in court proceedings 
brought by the district attorney. 


Legal Problems in the Disposal of Waste Sum- 
marized: Injurious practices in disposing of excess 
water and waste materials in hard mineral and pe- 
troleum operations may affect the property of in- 
dividuals, and so be the subject of private lawsuits, or 
may have such bearing upon the public welfare as 
to call for public regulatory measures. As a general 
rule in litigation between individuals, the complain- 
ant has redress by way of damages or injunction, or 
both, only if he can prove actual injury, and in what 
is probably the usual case, to invoke the judicial 
remedy, the injury must be material and substantial. 
The public interest in control of pollution of natu- 
ral stream channels goes beyond the question of in- 
juries to individual property holders. It extends both 
to the preservation of natural streamways and other 
sources of water supply for all the beneficial pur- 
poses to which these resources may be put, and also 
to the prevention of unsanitary conditions. Methods 
of disposal of waste from mining operations, there- 
fore, must be such as to avoid both substantial in- 
jury to private property and also conflicts with pub- 
lic regulatory measures. 
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CYANIDE LEACHING TO EXTRACT COPPER 
FROM ZINC CONCENTRATE 


he extraction of gold and silver from ores with 

alkaline cyanide solutions is well known. Cyanide 
solutions are also good solvents for many base metal 
minerals, particularly most of the copper minerals. 
Leaver and Woolf,’ who determined the solubilities 
of copper minerals in 0.10 pct sodium cyanide solu- 
tion, showed that malachite, cuprite, chalcocite, and 
bornite are readily soluble in cyanide; least soluble 
are chalcopyrite and chrysocolla. 

The Mining Chemicals Laboratory of American 
Cyanamid Co. has studied the possibilities of using 
cyanide solutions for leaching base metals. In this 
article the authors present the results of their ex- 
periments with cyanide leaching to reduce the cop- 
per content of a zinc concentrate from 0.050 pct to 
the desired specification of less than 0.02 pct. 

Zinc Ore Sample: The sample of commercial zinc 
ore used in this investigation to produce zine concen- 
trates was ball mill feed ranging from in. to fines. 
The ore was crushed to —10 mesh and riffled into 
600-g charges for zinc flotation. Analysis revealed 
4.54 pet Zn and 0.005 pct Cu. 

Examined microscopically, the ore consisted es- 
sentially of cream-colored sphalerite and carbonate 
gangue. It contained a small amount of pyrite, partly 
tarnished. The only copper mineral identified was 
chalcopyrite, mostly smaller than 20yn, some of which 
occurred as attachments on sphalerite. 

Flotation Procedure: Batches of zinc concentrates 
were made as required according to the following 
general procedure. A 600-g charge of —10 mesh ore 
was ground for 4 min at 60 pct solids in a laboratory 
steel rod mill. Screen sizing showed it to be all —35 
mesh with 42 pct —200 mesh. 

The pulp was transferred to a Fagergren labora- 
tory flotation machine, diluted to 25 pct solids and 
conditioned for 5 min with 0.6 lb per ton CuSO, °: - 
5H.O. It was then conditioned with 0.10 lb per ton 
Sodium Aerofloat promoter and floated for 5 min 


N. HEDLEY and H. TABACHNICK, Members AIME, are, respec- 
tively, Group Leader and Metallurgist, Mining Chemicals Section, 
American Cyanamid Co., Stamford, Conn. TP 59B207. Manuscript, 
Feb. 20, 1959. Mid-America Minerals Conference, St. Louis, 1959. 
AIME Trans., Vol. 217, 1960. 


by NORMAN HEDLEY and HOWARD TABACHNICK 


with pine oil as frother and creosote as froth stiff- 
ener. The pH during flotation was 8.5. A typical 
analysis of zinc concentrate subjected to leaching is 
44.41 pct Zn and 0.051 pct Cu. The ratio of concen- 
tration was close to 10 to 1. 

Leaching Procedure: Aero Brand cyanide, techni- 
cal calcium cyanide analyzing 49.5 pct NaCN equiv- 
alent, was used for all cyanide leaching tests. For 
each test three rougher concentrates floated as des- 
cribed were combined (total weight close to 180 g) 
and the water content adjusted to 150 ml. The per- 
cent solids in the pulp was thus 55. After a weighed 
amount of cyanide flakes had been added, the pulp 
was agitated on rolls for a given period, then filtered 
and washed. Filtrate and washed concentrate were 
assayed for copper content. 

The procedure for ammonia leaching was similar 
to the cyanide process. A series of tests was run in 
which the effects of ammonia as a solvent for copper 
in the zine rougher concentrate were investigated. In 
each test 180 g of zinc rougher concentrate was 
leached with 150 ml of ammonia solution. Various 
strengths of ammonia and times of leaching were in- 
vestigated. The results are shown in Table I. 

It is apparent that ammonia was a poor solvent 
for copper in the zinc concentrate; 60 min of agita- 
tion with a relatively strong NH, solution extracted 
only 2 pct of the copper. 


CYANIDE LEACHING TESTS 

Effect of Solution Strength: The solvent effects of 
0.125, 0.187, and 0.250 pct NaCN equivalent solutions 
were compared for leaching periods of 15 min. Resi- 
due and filtrate were assayed for copper content. The 
copper content of the filtrate plus wash was calcu- 
lated back to the original volume of cyanide solution 
(150 ml). 

The effects of cyanide strength are given in Table 
II. It will be noted that 15 min leaching with 0.25 
pet NaCN equivalent solution extracted 74.6 pct of 
the copper in the zinc concentrate. The leached prod- 
uct assayed 0.013 pet Cu, appreciably below the re- 
quired specification of 0.020 pct. 

Effect of Leaching Time: Portions of zinc concen- 
trate were leached with 0.25 pct NaCN equivalent 
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solution for various time periods. The amount of 
cyanide in each solution was equivalent to 4.17 lb 
NaCN per ton of zinc concentrate treated. From the 
results shown in Table III it is apparent that a leach- 
ing time of 10 to 15 min with 0.25 pct NaCN equiva- 
lent solution is adequate to bring the copper content 
of the zinc concentrate down to the desired specifica- 
tion of less than 0.02 pct. 


Table |. Leaching with Ammonia 


Added, Lb NHsz Leaching Cu 

Test Per Ton in Leach Time, Cu in Extracted, 
No. of Conc. Solution, Pct Min Residue, Pct Pet 

il 10 0.6 8 0.049 2.0 

2 25 say 8 0.049 2.0 

3 50 3.0 8 0.049 2.0 

4 50 3.0 60 0.049 2.0 


Table II. Effect of Cyanide Strength 


NaCN Assay of Products, Cu, Pct Cu Ex- 

Test Equiva- - tracted, 
No. lent, Pct Filtrate Residue Feed(Calc.) Pct 
5 0.125 0.041 0.017 0.051 66.7 
6 0.187 0.043 0.015 0.050 70.6 
7 0.250 0.046 0.013 0.051 74.6 

Table III. Effect of Leaching Time 

Assay of Products, Cu, Pct Cu Ex- 

Test Time, tracted, 
No. Min Filtrate Residue Pet 
8 2 0.034 0.023 55.8 
9 5 0.037 0.020 61.2 
10 10 0.040 0.017 66.6 
0.046 0.013 74.6 


Table IV. Analysis of Cyanide Leach Solution 


Total NaCN (dist.) 0.235 pet 
NaCNS 0.015 pet 
Cu 0.046 pet 
Zn 0.018 pet 


Table V. Effects of CuSO, and Cu-Bearing Cyanide 
Leach Solution on Activation of Sphalerite 


Distri- 
Test Assay bution 
No. Activator Product Wt, Pct Zn, Pct Zn, Pct 
ial None Head (calc.) 100.00 4.51 100.00 
R. conc, 2.85 3.51 2.22 
Tail 97.15 4.54 97.78 
12 Copper sul- Head 100.00 4.58 100.00 
fate R. conc. 9.98 44.41 96.85 
Tail 90.02 0.16 3.15 
13 Cu cyanide Head 100.00 4.71 100.00 
leach R. cone. Qs 2.70 1.36 
Tail 97.27 4.78 98.64 
Table VI. Cyanide Balance 
Zine Conc., Percent 
Lb Per Ton of Total 
NaCN equivalent added to leach 4.17 100.0 
Total NaCN equivalent at end of 
leach 3.92 94.0 
NaCN regenerated 3.67 87.9 
NaCN equivalent consumed 0.50 sae | 


A microscopic examination of the leached zinc 
concentrate from test 7 showed it to be relatively 
free of chalcopyrite. 

Analysis of Leach Solution: An analysis of the 
leach solution from test 7 is shown in Table IV. Total 
NaCN (free plus complexed) was determined by 
distilling, with boiling, 10 pet HCl and trapping the 
liberated HCN in 1 pct NaOH solution. The other 
determinations were made by the usual methods. 

Ninety-four percent of the original cyanide used 
for leaching reported as distillation NaCN. This in- 
cludes, in addition to residual free NaCN, cyanide in 
complexes such as Na.Cu(CN),, Na,Cu (CN),, and 


Table VII. Distribution of Copper in Acid Solution 


Zinc Conc., Percent 
Lb Per Ton of Total 
Total Cu leached out of Zn con- 
centrate 0.77 100.0 
Cu as soluble CuSO, 0.43 55.8 
Cu as insoluble CuCN 0.21 27.3 
Cu as insoluble CuCNS 0.13 16.9 


Table VIII. Activating Effect of CuSO: - 5H-O 


Distri- 

Test CuS0O,-5H2O, Assay bution 
No. Lb Per Ton Product Wt, Pct Zn, Pet Zn, Pet 
11 None Head (calc.) 100.00 4.51 100.00 
R. conc. 2.85 3.51 2.22 

Tail 97.15 4.54 97.78 

14 0.10 Head 100.00 4.47 100.00 
R. conc. 4.45 18.14 18.07 

Tail 95.55 3.83 81.93 

15 0.20 Head 100.00 4.43 100.00 
R. conc. 6.11 41.38 57.13 

Tail 93.89 2.02 42.87 

16 0.40 Head 100.00 4.57 100.00 
R. conc. 9.56 46.48 97.22 

Tail 90.44 0.14 2.78 

12 0.60 Head 100.00 4.58 100.00 
R. cone. 9.98 44.41 96.85 

Tail 90.02 0.16 


Table IX. Activating Effect of Copper-Bearing Liquor 


Cu liquor 
CuS0O,-5H20 Distri- 
Test Eq., Lb CuS0O,4-5H2O, Prod- Assay bution 


No. Per Ton Lb Per Ton uct Wt, Pct Zn, Pct Zn, Pct 


AG 0.30 None Head 100.00 4.47 100.00 
R. conc. 10.70 40.17 96.26 
Tail 89.30 0.19 3.74 
18 0.30 0.10 Head 100.00 4.46 100.00 
R. conc. 10.72 40.55 97.40 
Tail 89.28 0.13 2.60 
19 0.30 0.20 Head 100.00 4.60 100.00 
R. cone. 10.63 41.79 96.50 
Tail 89.37 0.18 3.50 
20 0.30 0.40 Head 100.00 4.77 100.00 
R. conc. 10.70 43.17 96.81 
Tail 89.30 0.17 3.19 


Table X. Reagent Requirements Per Ton of 
Zinc Concentrates 


NaCN eq. 0.5 Ib 
HeSO4 2.5 1b 
NaOH 3.0 Ib 
or CaO 2.11b 
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Na.Zn(CN),.? During leaching, 3.7 pct of the cyanide 
was converted to NaCNS. The remaining 2.3 pct 
probably represents mechanical loss and loss of HCN 
from hydrolysis. 

By calculation, the solution contained at least 
0.043 pet free NaCN equivalent (17.2 pet of the 
original cyanide added). This was determined by 
calculating the amount of cyanide complexed by 
the copper and zinc as Na,Cu(CN), and Na.Zn(CN), 
and subtracting this amount from the total cyanide 
determined by distillation. 

Effect of Cyanide Leach Solution on Activation of 
Sphalerite: Two flotation tests were run in which 
the activating effects of copper sulfate and the cop- 
per-bearing cyanide leach solution (analysis Table 
IV) on sphalerite flotation were compared. In test 
12, 0.6 lb per ton CuSO, - 5H.O was used, while in 
test 13 a volume of cyanide leach solution contain- 
ing an equal amount of copper was used. For com- 
parison, test 11 was run using no copper compound 
whatsoever. The other conditions of the tests were 
the same as described under Flotation Procedure. 

The results in Table V show that copper-bearing 
cyanide leach solution of the type shown in Table 
IV had no activating effect on sphalerite. 


Regeneration of Cyanide in Leach Solution: As 
stated earlier, best leaching results were obtained 
with a 0.25 pet NaCN equivalent solution, equal to 
4.17 lb NaCN equivalent added per ton of zinc con- 
centrate leached. The feasibility of regenerating this 
cyanide, or part of it, was investigated with a view 
to: 1) reducing cyanide cost, and 2) using the copper- 
bearing solution remaining after cyanide regenera- 
tion for activation of the sphalerite in rougher 
flotation. 

From the cyanide-leaching of zinc concentrate 
150 ml of solution, having the analysis shown in 
Table IV, was transferred to a 500-ml bottle. This 
bottle was connected to an air supply on one side 
and to two similar bottles in series on the other side, 
each containing 1 pct NaOH solution. The cyanide 
leach solution was acidified to pH 3 by the addition 
of 3 lb H.SO, per ton of solution, or 2.5 lb per ton of 
zine concentrate. Air was bubbled through at room 
temperature at the rate of 13 cu ft per hr for 2 hr, 
the evolved HCN being trapped in the NaOH solu- 
tions. These solutions were titrated for NaCN con- 
tent with AgNO,, with KI as indicator. 

A balance of the cyanide added, recovered, and 
consumed is shown in Table VI. The net consump- 
tion of cyanide is 0.50 lb NaCN equivalent per ton 
of zinc concentrate leached. 

Examination of Leach Liquor after Regeneration: 
The acid leach liquor, after being stripped of HCN, 
contained a pale buff precipitate. This was filtered 
off and the precipitate and filtrate were assayed for 
copper content. 

As may be noted from Table IV, the cyanide 
leach solution going to regeneration assayed 0.046 
pet Cu; this calculates to 0.77 lb of Cu (equivalent 
to 3.08 lb CuSO, - 5H.O) per ton of zinc concentrate 
leached. The same amount naturally remained in 
the acid solution after HCN regeneration, 45 pct be- 
ing distributed in the buff precipitate and 55 pct in 
the acid filtrate. An analysis of the buff precipitate 
showed it to be approximately 60 pct CuCN and 40 
pet CuCNS. 

Liquor: After being stripped of HCN, the copper- 
bearing liquor was compared with copper sulfate as 
an activator for sphalerite in the zinc rougher float. 


As mentioned earlier, the amount of CuSO, - 5H.O 
used in practice is 0.6 lb per ton of feed to flotation. 
To determine the optimum amount required under 
laboratory conditions a series of flotation tests was 
run in which the CuSO,:5H.O was varied from 
zero to 0.6 lb per ton of feed. The results are shown 
in Table VIII. Best results were obtained with 0.4 lb 
per ton of ore. 

In a second series of tests copper-bearing liquor 
was used alone, and in conjunction with CuSO, : - 
5H,.O, to activate sphalerite. The amount of copper- 
bearing liquor used in each test was equivalent to 
0.3 lb CuSO,-5H.O per ton of zinc feed; this in- 
cluded the precipitated CuCN and CuCNS. Addi- 
tional amounts of CuSO, : 5H.O vary from 0.1 to 0.4 
lb per ton. 

As may be noted from the results in Table IX, 
good activation of sphalerite was obtained with 
copper-bearing liquor alone, equivalent in copper 
content to 0.3 lb CuSO,-5H.O; with this amount, plus 
0.1 lb CuSO,-5H.O, the results compared favorably 
with the best results using CuSO,-5H.O, ie., 0.4 lb 
per ton. 

Reagent Requirements: The reagent consumption 
for cyanide leaching of the copper and for cyanide 
regeneration are summarized in Table X. 

On the credit side there is 0.77 lb of Cu recovered 
in the acid solution left after cyanide regeneration. 
This is equivalent to 3.1 lb CuSO, - 5H.O per ton of 
concentrate, all of which is available for sphalerite 
activation at the head of the circuit. 


SUMMARY AND CONCLUSIONS 


1) The copper content of a zinc rougher concen- 
trate was lowered from 0.05 to 0.013 pct by leaching 
for 15 min with Aero Brand cyanide solution con- 
taining the equivalent of 0.25 pct NaCN. The amount 
of zinc extracted at the same time was insignificant. 

2) Relatively strong solutions of ammonia were 
ineffective solvents for the copper in the zinc con- 
centrate. 

3) The cyanide leach solution contained free cy- 
anide in addition to copper and zinc cyanogen com- 
plexes; it also contained a small amount of thiocya- 
nate. This solution had no activating effect on 
sphalerite in flotation. 

4) The cyanide in the leach solution was regen- 
erated by treatment with sulfuric acid at room 
temperature. Of the total cyanide used for leaching, 
4.17 lb NaCN per ton of zinc concentrate, 3.67 lb or 
87.9 pet was regenerated. 

5) The acid solution remaining after cyanide re- 
generation contained a buff precipitate which con- 
sisted of CuCN and CuCNS. This precipitate ac- 
counted for about 45 pct of the copper leached out 
of the zinc concentrate. The remaining 55 pct was 
copper sulfate. In equivalent amounts the copper- 
bearing acid solution was as effective as copper sul- 
fate for sphalerite activation. 

6) Reagent requirements for cyanide leaching 
and cyanide regeneration were 0.5 lb NaCN equiva- 
lent, 2.5 lb H.SO,, and 3.0 Ib NaOH (or 2.1 lb CaO) 
per ton of zinc concentrate treated. On the credit 
side, the equivalent of 3.1 lb CuSO,:-5H,O was pro- 
duced per ton of concentrate. 
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ENERGY INPUT AND SIZE DISTRIBUTION 


IN COMMINUTION 


istribution of material in the fine sizes of a com- 
minution product generally is well represented 
by the empirical equation’ 


y = 100 Ge [1] 


in which y = cumulative percent finer, x = particle 
size, a = distribution modulus, and k = size modu- 
lus. 

Charles’ found that the energy consumption in 
comminution is usefully expressed by another 
empirical relation, 


15, == [2] 
in which E = energy input per unit volume of 
material, A = a constant, k = size modulus based 


on Eq. 1, and n= a constant; (1-n) is the slope of 
a plot of log E vs log k. Holmes® has presented 
energy equations similar to Eq. 2. 

The constants a and n in Eqs. 1 and 2 have been 
shown to depend both on the nature of the material 
and on the comminuting device. Moreover, Charles 
showed that within experimental error a and n are 


a—n+1=0 [3] 
Combining Eqs. 2 and 3, 
13 [4] 


In the first sections of this article it is shown that 
the energy equation, Eq. 4, can be derived directly 
from the size distribution equation for the fine sizes, 
Eq. 1. The derivations are made without assuming 
any of the specific relationships between energy 
and particle size which have been common in pre- 
vious literature. For comminution processes in 
which Eqs. 1 and 4 adequately represent the experi- 
mental data, the constant A in Eq. 4 is found to be 
a simple and useful inverse measure of grindability. 
That is, A is the energy consumption per unit vol- 
ume of comminution product finer than unit size as 
determined from the straight line portion of the 
log-log plot of the size distribution. These consider- 
ations all lead to a unifying hypothesis of comminu- 
tion mechanism from which both Eq. 1 and Eq. 4 
can be derived. Finally, it is pointed out that this 
hypothesis raises serious questions as to the signifi- 
cance of the Rittinger hypothesis, the Kick hypoth- 
esis, and other theories in which energy numbers 
are systematically assigned to various size fractions 
of comminution products in order to calculate 
theoretical energy consumptions. 

Derivation of the Energy Equation from the Size 
Distribution Equation: For simplicity, consider the 
comminution of 100 volumes of a feed material of 
relatively uniform particle size. The comminution 
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process may be considered as the summation of 
many ‘individual and independent comminution 
events. The extent of comminution is most easily 
expressed as the number of comminution events, z. 
In the first derivation, the key assumption is that 
the characteristics of the comminution events in a 
given crushing or grinding process are substantially 
constant and do not vary with the progress of the 
comminution process. Accordingly the characteristics 
of an average comminution event may be defined. 
In one such event, a quantity of energy dE is ap- 
plied to a single particle of size f and volume dv. 
The crushing of this particle produces fine particles 
with a size distribution similar to that given by 


\ a 


y. = 100 (=) [5] 


In this equation y,, a., and k, are used to character- 
ize the product of an individual comminution event 
rather than the product of the comminution process 
as a whole. In using Eq. 5, we will not be concerned 
with values of x close to the feed size f and will 
therefore assume only that the equation is applic- 
able to the finest sizes of the material. In 100 vol- 
umes of total product, the actual volume of product 
finer than x from a single comminution event, or 
dy, is given by 


[6] 


y = — 
100 


The total volume of material below size x, resulting 
from z events, is then given by 


y =z (8y) =z (80) (=)" [7] 


Eq. 7 reduces to Eq. 1 when we let 


a, —a and 


- Cle == 8b 
k 100 


Eq. 8a shows that the distribution modulus of the 
comminution product is the same as for the product 
of an individual comminution event. Eq. 8b shows 
how the size modulus of the comminution product 
k varies with the extent of comminution as meas- 
ured by the numbe: of events, z, or as measured by 
the fraction of the feed actually subjected to com- 


minution, 


U 


The energy input to 100 volumes of total feed, or 
100E, is the sum of the energy inputs for all the 
comminution events: 


100E = z (SE) [9] 


[8a] 
100. 
|_| 


Eliminating z between Eqs. 8b and 9, 


fies 


[10] 
éE 
If now we let A = nae k,", we obtain Eq. 4: 
v 
[4] 


Thus the constant A in Charles’ empirical energy 
equation is a characteristic constant for a single 
comminution event. That is, A is the product of the 


energy input per unit volume, we and k,*, where 
v 


k, and a express the two size distribution para- 
meters for a single event. Thus it is proved that the 
exponent (1-n) in Charles’ empirical energy equa- 
tion (Eq. 2) must be equal to —a, where a is the 
slope of the log-log size distribution plot for the 
fine sizes. 

Generalized Derivation for a Complex Comminu- 
tion Process: The derivation in the preceding section 
was based on the model of a comminution process 
as a Summation of many substantially identical com- 
minution events. To obtain a more general and less 
restrictive derivation, it is necessary to take into 
account the fact that the most practical comminu- 
tion processes will involve a whole range of com- 
minution events, with varying energy input, vary- 
ing feed particle sizes, and varying size distributions. 
However, with a given feed material and given 
comminution device, it is reasonable to expect that 
ail these different kinds of events will belong to the 
same family and possibly might be described by one 
equation. The best available data on energy input 
and size distribution for single comminution events 
seem to be Charles” data for impact of projectiles 
on glass cylinders and Hukki’s* pendulum-crusher 
data on single particles. Charles showed that these 
data for single comminution events conform to an 
empirical equation very similar to Eq. 5. That is, if 
6E, is the energy input, 6v, the volume of the par- 
ticle crushed, and k, the size modulus of the prod- 
uct, all for a given kind of event 1, the various kinds 
of events in a family are governed by 


S$ E, 


= [11] 


in which A and a are constants characteristic of the 
combination of material and comminution device. 
Charles demonstrated the validity of this relation 


i 


8 
against log k,. He found these graphs to be straight 
lines with slopes of —a, where a, within experi- 
mental error, was the characteristic distribution 
modulus for the size distributions of the crushed 
products.* 


for single comminution events by plotting log - 


* Hukki’s results for NaCl and for galena gave straight lines in 
Ei 

the plots of log —— against log ki, but the slopes were somewhat 


flatter than would have been predicted from the size distribution 
plots. This deviation may be attributed to the pronounced cleavage 
habits of rock salt and galena. 

Assuming now that the various kinds of com- 
minution events in a complex comminution process 
are governed by Eq. 11, we can calculate the size 
distribution and energy consumption for the com- 
plex process by making appropriate summations 
over all the kinds of events. Letting z; represent 


the total number of comminution events of kind i, 
the cumulative percent finer is given by summing 
over all v’s (compare with Eq. 7): 


x \* 

i i 4 

Comparison with Eq. 1 shows that the size modulus 


of the entire comminution product, or k, is given by 


100k7 — Zi 


i 


[13] 


Similarly, the energy summation becomes (compare 
with Eq. 9): 


a i i 


[14] 
Substituting Eq. 11 in Eq. 14, 
= Dy = ALY [15] 


Eliminating the identical summations between Eqs. 
15 and 13, we obtain 


E = Ak~ [4] 


which is the same equation as derived previously 
for a simple comminution process made up of z iden- 
tical comminution events. In the derivation just 
completed, we have not assumed identity of com- 
minution events, but only that their characteristics 
are governed by Eq. 11 in accordance with the data 
of Charles and Hukki for single comminution events. 

Measurement of Grindability: If Eqs. 1 and 4 are 
combined to eliminate k, we obtain 


Apo 


[16] 


This equation states that the energy input is directly 
proportional to the cumulative percent finer than 
any given size x. If particle size is expressed con- 
sistently in millimeters, this relation can be simpli- 
fied to 
Yi mm 
= 
100 [17] 


in which y: mm is the cumulative percent finer than 
1 millimeter. The value of Y: mm Should be read, of 
course, from the straight line that represents the 
size distribution of the fine sizes on a plot of log y 
vs log x. Grindability may now be conveniently de- 
fined as the reciprocal of A. Then Eq. 17 provides 
a simple measure of grindability (1/A) as the vol- 
ume of comminuted material finer than unit size 
produced per unit of energy expended. When this 
definition of grindability is used, it should be kept 
in mind that calculation of the volume of material 
finer than unit size will require extrapolation of the 
straight-line portion of the log-log size distribution 
plot when the experimentally measured portion of 
the straight line does not encompass unit size. For 
finely comminuted materials, that is, materials with 
the size modulus k less than 1 mm, Y: mm as deter- 
mined by graphical or analytical extrapolation will 
be greater than 100 pct. The resulting minor diffi- 
culty in visualizing the physical meaning of A could 
be avoided by simply choosing a smaller unit (for 
example, a micron) for expressing particle size, but 
such a choice seems less realistic for expressin 


grindability over the whole range from coarse 
crushing to fine grinding. 

The proposed measure of grindability is not new 
and is substantially equivalent to such common and 
practically useful grindability indexes as “tons 
—200 mesh produced per horsepower-hour.”* How- 

*To be fully consistent with the definition of grindability 
afforded by Eq. 17 the “‘tons —200 mesh per horsepower hour’”’ 
should be calculated on the basis of the percentage —200 mesh read 


from the straight line portion of the log-log size distribution plot 
rather than on the basis of the actual percentage —200 mesh. 


ever, it has now been shown that such indexes are 
fundamentally sound for comminution processes in 
which the size distribution is governed by Eq. 1 in 
the fine sizes and in which the energy input con- 
forms to Eq. 4. 


A Comminution Hypothesis: Up to this point, the 
discussion has explored a variety of consequences 
of the purely empirical observation that in the fine 
sizes of a comminution product the size distribution 
is adequately represented by Eq. 1. Now a further 
step will be attempted, namely, the formulation of 
an hypothesis about the mechanism of comminution 
from which the various so-far empirical equations 
governing size distribution and energy input might 
be straightforwardly derived. 

Comminution of a brittle, isotropic, non-cleav- 
able particle involves a rapid sequence of 1) appli- 
cation and storage of elastic energy, 2) initiation of 
cracking, and 3) energy dissipation associated with 
a systematically branching and intersecting system 
of cracks. If the original particle were reassembled 
with every fragment in its original position, the 
fracture pattern or geometrical arrangement of 
branching and intersecting cracks could be ob- 
served. The fracture pattern may be imagined as 
having two parts, as follows: One kind of fragments 
of relatively large size will be bounded by extensive 
cracks starting at the surface of the original particle 
or at imperfections within the original particle. In 
total weight or volume these larger fragments may 
account for a relatively large fraction of the origi- 
nal particle. However, the formation of these frag- 
ments results from the initial cracks and probably 
dissipates only a very small, probably negligible 
portion of the total energy. The second kind of frag- 
ments to be observed in the reconstructed fracture 
pattern consists of the relatively fine fragments 
formed by systematic branching and intersection of 
cracks. This portion of the fracture pattern develops 
in such a way that the length of a given crack from 
one branch to the next continues to decrease sys- 
tematically in a geometric progression. Possibly 
this progressive decrease in crack length is associ- 
ated with a progressive concentration of stored 
elastic energy in the region ahead of the cracks. In 
any event, this systematic cracking produces a frac- 
ture pattern and associated fragments which can be 
characterized by the geometric constant a, which is 


0 log y 


. Since this portion of the fracture pattern 
0 log x 


is always geometrically the same for a given mate- 

rial and given comminution device, the overall 

energy dissipation is proportional to the volume of 

material subjected to the crack branching process 

or, more conveniently, to the amount y below a 

given size x. This proportionality can be expressed 
d log E 


by — 
log y 
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The reader can readily verify that the size distri- 
bution relation given in Eq. 1 and the energy rela- 
tion in Eq. 4, as well as other equations presented 
earlier, can all be derived from the two differential 
equations resulting from the above hypothesis of 
comminution mechanism, namely 


0 log y 


Energy vs Particle Size: The analysis of comminu- 
tion fundamentals presented in this article makes 
no use of the empirical equation relating energy 
directly to size, which has been common in the pre- 
vious literature: 


dE =—C 


[20] 


x 


in which dE is the energy required to produce an 
infinitesimal size change dx, x is the particle size, 
and C and n are constants. Charles’ combined this 
equation with Eq. 1 to derive Eq. 2. However, as 
Charles himself pointed out, his derivation is not 
valid for the particular case when a—n+1=0 
and E = Ak“, which now seems to be the important 
case. In fact, it can be shown that if Eq. 1 and Eq. 
4 are both valid for the experimental data, then the 
determination of the exponent n in Eq. 20 from 
these data is impossible. Moreover, Rittinger’s hy- 
pothesis, Kick’s hypothesis, and Bond’s hypothesis 
all work equally well in assigning theoretical energy 
requirements on the basis of size distribution data. 
The reason for this indeterminancy is most easily 
clarified by re-examination of Eq. 17. This equation 
shows that the energy input is proportional to the 
weight of material finer than 1 mm. This propor- 
tionality is achieved regardless of how energy 
numbers are assigned to the various individual size 
fractions that make up the —1-mm material. Thus it 
becomes understandable how both the adherents to 
Rittinger’s hypothesis and the adherents to Kick’s 
hypothesis have for many years continued to find 
some experimental grounds for their respective 
methods of calculating energy consumption from 
sizing analyses. Also it is clear that Bond® has had 
no difficulty in finding experimental grounds for 
still a third theory. However, on the basis of the 
work described in the present article, it might be 
concluded that further attempts to prove any one or 
all of these energy-number hypotheses will prove 
meaningless. 

Some readers (like the author) may find it diffi- 
cult to give up the idea of an energy-number ap- 
proach to calculation of theoretical comminution 
energy, whether their numbers are Rittinger num- 


1 
bers proportional to —, Kick numbers proportional 
x 


to log a or Bond numbers proportional to —_.. 
These readers may find it helpful to think of com- 
minution roughly from the following point of view: 
Any actual comminution product may be regarded 
as a mixture of “finished” comminuted material and 
coarse material not yet completely comminuted. 
Any comminution process simply converts the coarse 
material into finished material but does not change 
the size distribution or average size of the finished 


material itself. Only the relative proportions of 
coarse material and finished material are changed, 
and it is these changes in relative amounts of coarse 
and fine material that account for the continually 
decreasing average particle size of the overall prod- 
uct during comminution. 
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MEASUREMENT OF CEMENT KILN 


SHELL TEMPERATURES 


t Buffington Station, Gary, Ind., Universal Atlas 

Cement operates fourteen 8 x 10% x 155-ft ce- 
ment kilns in mill 6 and two 11 x 360-ft kilns in the 
Harbor plant. The No. 11 and 12 kilns in mill 6 are 
equipped with Manitowac recuperator sections. 

This report describes studies in measuring ex- 
terior shell temperatures on several of these kilns 
and the development of a traveling radiation pyro- 
meter with certain novel features. 

Preliminary Work: At first various temperature- 
sensing devices were placed on the steel shell: 1) 
crayons with calibrated melting points, 2) colored 
paints with temperature-calibrated pigments, 3) 
aluminum paints with temperature-calibrated 
binders, and 4) metal-stem dial thermometers. 

The colored paints and aluminum paints failed to 
indicate the temperatures correctly. The crayons 
and thermometers did indicate fairly correct tem- 
peratures, but it proved impossible to apply enough 
of these on the shell to detect all the potential areas 
where hot spots might develop. Furthermore, con- 
siderable labor was required to apply these sensors 
and read the temperatures. Consequently no further 
work was done with these devices. 

Formation of Hot Spots: In the burning or clinker- 
ing zone of a cement kiln, the thickness of the 
protective coating and thickness of the brick govern 
the amount of heat transmitted to the steel kiln 
shell. Usually the protective coating consists of 4 to 
8 in. of fused cement clinker. 

The formation of a hot spot is usually caused by 
loss of coating, that is, localized areas of the coating 
become thin or fall away from the refractory. This 
is generally caused by excessive temperature in the 
burning zone over a fairly long period of time. It 
may also be caused by a sudden thermal change in 
the burning zone. Variations in raw feed composition 
and in feed rate require changes in the fuel and air 
rates, and when these are not appropriately altered, 
conditions may develop in the kiln that will result 
in loss of coating. 

Luminescence on the kiln shell indicates that a 
hot spot has developed to a point that usually alters 
the refractory’s thermal conductivity properties. 
When this thermal weakness zone occurs in the 
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burning zone of the kiln, constant vigilance is re- 
quired to protect it by maintaining proper coating. 
Even so, it has been the writers’ experience that 
within a period of several days to about four weeks 
the hot spot usually recurs with greater severity. 
This necessitates shutting down the kiln and re- 
bricking the affected area. 

One of the prerequisites of a good burnerman is 
the ability to maintain a protective coating despite 
the many variables in operation. When he knows 
that it is getting thin or that an area has dropped 
off, he reduces the firing rate and kiln speed and 
brings feed into the affected area in an effort to 
rebuild the coating. 

But when powdered fuel is burned, the atmos- 
phere of the kiln may prevent the burnerman’s ob- 
serving the condition of the coating closely at all 
times without taking off the fire. It is not considered 
good practice to do this frequently, as it imposes a 
thermal shock on the coating and upsets operation of 
the kiln. To help the burnerman scan the shell of 
the kiln along the burning zone, therefore, a radia- 
tion pyrometer, connected to a potentiometric re- 
corder, was mounted on a slowly moving steel cable. 

The theory of operation, construction details, and 
adaptability of the radiation pyrometer are included 
in an excellent monograph’ and also in a textbook.* 
Shell temperatures of the Atlas Cement kilns were 
measured with a Brown Instruments Div. low inter- 
mediate range Radiamatic unit, of range 200° to 
1200°F, and a circular chart Electronik potentio- 
metric recorder, of range 500° to 1000°F. In Bulletin 
59095M the supplier publishes standard calibration 
data (millivolts vs degrees Fahrenheit) for this 
radiation pyrometer, These data, however, apply 
only to flat surfaces having emissivities of unity. 

Calibration of Radiation Pyrometer for Use on 
Curved Surfaces: When applied to surface temper- 
ature measurements, the radiation pyrometer read- 
ing depends on the nature of the surface, the mate- 
rial of which it is composed, and also to some extent 
on the temperature of the surroundings. Although 
the present radiation pyrometer is designed to give 
a calibrated response under ideal (black body) con- 
ditions when used commercially, it must be cali- 
brated empirically. 

The calibration procedure, given below, follows 
that described by Dike (Ref. 1, pp. 38-39). Calibra- 
tion tests on plane and curved surfaces showed that 
the response of the radiation pyrometer was very 


nearly the same on both. However, to duplicate con- 
ditions of usage more closely a curved surface was 
used in the calibration procedure. As shown in Fig 
1, the pyrometer is positioned to focus on a curved 
piece of %4-in. steel plate approximately equal in 
radius to that of the cement kiln. Ironconstantan 
thermocouple wires are inserted through a small 
hole drilled in the center of the plate. The wires are 
then silver-soldered, and the solder is smoothed 
flush with the front surface of the plate. An acetyl- 
ene flame is moved over the entire back of the plate 
to heat it to a uniform temperature. The thermo- 
couple temperature is measured with a conventional 
potentiometer. 

The reading of the potentiometric recorder is 
adjusted to the thermocouple temperature by ad- 
justment of the instrument amplifier gain. The fol- 
lowing are typical calibration data: 


IC Thermocouple, °F Recorder, °F Difference, °F 


520 520 0 
600 600 ha 
650 645 
700 695 
800 795 
900 895 —5 
950 950 0 
970 970 0 


* Adjustment made at this point. 


Although the steel plate was selected to have 
the same surface character as that of the cement 
kiln, it is realized that the emissivities of the two 
surfaces may not be the same. McAdams’ gives the 
following values for normal total emissivity of steel 
surfaces: 


Temperature Emissivity 
Range, °F Factor 
Steel oxidized at 1110°F 390 to 1110 0.79 
Sheet steel, strong rough 
oxide layer a 0.80 
Sheet steel, dense shiny 
oxide layer 75 0.82 


On the basis of the above values, it is estimated 
that the instrument readings taken on the kiln shell 
are accurate within about + 5 pct. 

After the pyrometer is placed in service, it is 
necessary to clean it and check its calibration 
periodically. When there is a question about a cer- 
tain reading, the operating personnel make a cali- 
bration spot check with temperature-calibrated 
crayons or with a duplicate pyrometer and recorder, 
now being used in a stationary position on kiln No. 
11. About every 60 days the pyrometer is removed 
from the cable bracket, cleaned and inspected, and 
recalibrated according to the procedure described 
above. 

Initial Tests with Radiation Pyrometer: These 
tests are surveys made by mounting the pyrometer 
in a pedestal and setting the pedestal at increasing 
intervals along the kiln shell. 

Fig. 2 shows the results of one of these surveys 
made on kiln 12, mill 6. This kiln is equipped with 
a Manitowac recuperator. It may be observed that 
two hot spots were located, one a few feet behind 
the front tire and one about 15 ft past the back 
clinker ring. 

Fig. 3 shows the results of one of the surveys 
made on kiln 1, Harbor plant. Four hot spots were 
found on the kiln shell between the nose of the kiln 
and the front tire. Metal-stem dial thermometers 
range 200° to 1000°F, are installed on this kiln at 


Fig. I—Equipment for calibration procedure. The pyro- 
meter is focused on curved piece of heated steel plate. 


the points noted. The stems of these thermometers 
are inserted in short pieces of %4-in. standard pipe 
welded to the shell. As shown by the data, these 
thermometers read about 90° to 130°F low, and the 
readings are not indicative of the development of a 
hot spot unless one develops in the immediate area 
of a thermometer. 

In a number of instances initial work with the 
radiation pyrometer included watching a hot spot 
develop until it became red. At the start, the point 
at which a hot spot develops usually shows some- 
what higher than average peripherical temperature 
at that location. The study of kiln No. 12 temper- 
ature charts showed that it usually takes about 45 
min from the time a hot spot starts to form until it 
reaches the point of luminescence, 1000° to 1100°F. 
Thus the value of this instrument in guarding 
against hot spot formation was revealed by the 
initial tests. 

Development of Traveling Mechanism: As the 
radiation pyrometer moves slowly over the length 
of the burning zone, temperatures are recorded on 
the chart, along with reference points used to in- 
dicate the pyrometer’s position. Fig. 4 shows the 
general layout of equipment for moving the device 
over the kiln shell. The %-in. steel cable is sup- 
ported under tension on two single-groove pulleys 
located alongside the shell. The distance between 
the lens of the pyrometer and the burning zone 
section of the kiln shell is 20 in., and the diameter 
of the circular target area at this distance is esti- 
mated to be 13% in. This is illustrated by Figs. 5-8. 

The following provisions were incorporated in the 
system: 

1) When the radiation pyrometer reaches the 
back end of its travel, the recorder pen goes off 
scale (maximum temperature), resuming its normal 
recording position when the pyrometer starts 
toward the front of the kiln. This furnishes a chart 
reference point, and by reference to the Travel vs 
Time Relations in Fig. 4 the position along the kiln 
is obtained for any particular chart temperature. 
At the normal kiln speed of 80 rph, the pyrometer 
moves 6 in. along the shell during each kiln revolu- 
tion. 

2) When the radiation pyrometer reaches a 
temperature preset by a limit switch in the recorder, 
the drive unit automatically stops and a neon light 
goes on. Warned by this signal, the burnerman takes 
the necessary precautions to alleviate the conditions 
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Fig. 2—Shell temperature survey with radiation pyro- 
meter. Kiln No. 12, mill 6, Universal Atlas Cement Div. 


causing the hot spot. He then starts the travel again 
by pushing a button located near the recorder. 

Operating sequence of the wiring system, shown 
in Fig. 9, is as follows: 

As the pyrometer travels toward the rear of the 
kiln, float switch 12 is in position B, contact T on 
time delay relay 1 is closed and motor contractor 4 
is in closed position. Near the end of travel, float 
switch 12 is tripped to position F. This de-energizes 
the coil on contactor 4, stops the drive motor, and 
energizes time delay relay 2. After 8 sec this relay 
closes and energizes the coil on motor contactor 3, 
which starts the drive motor in opposite rotation. 
Also, near the end of travel, microswitch 5 is 
tripped, which de-energizes the coil on mercury 
switch 10. This opens the measuring circuit to the 
recorder and, by virtue of its special burn-out fea- 
ture, activates the recorder to go off scale. After the 
pyrometer starts moving forward, microswitch 5 
returns to its normal on position, thus closing the 
recorder measuring circuit and returning the pen 
to a recording position. 

Limit switch 9 in the recorder is adjusted to open 
at a temperature in the range of 700° to 800°F. 
When the shell temperature reaches this value, 
switch 9 closes and energizes thermostatic relay 8. 
This opens the circuit to the coils of motor con- 
tactors 3 and 4 and time delay relays 1 and 2, stop- 
ping the drive motor and also closing the circuit 
to the neon bulb. Hence the pyrometer now meas- 
ures only that temperature at the holding point. 

When button 14 is pushed the pyrometer starts 
traveling again. This energizes the coils on relay 7 
and time delay relay 6 and de-energizes the coil on 
thermostatic relay 8, causing the pyrometer to con- 
tinue in the same direction it was going when it 
stopped. To short out push button 14 until a cooler 
area on the kiln is reached, time delay relay 6 is 
set to time out in about 3 min. However, if after 3 
min the pyrometer is still on a hot spot of tempera- 
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Fig. 3—Shell temperature survey with radiation pyro- 
meter. Kiln No. 1, Harbor plant, Universal Atlas Cement. 


ture above that of the set point of limit switch 
9, the circuit will recycle through the recorder limit 
switch and stop the pyrometer. Push button 14 will 
now have to be pushed again to start travel. 

Time delay relay 16 is used in the circuit to 
short out the recorder limit switch while the re- 
corder is drawing a reference line at the end of 
travel. If this were not done, the limit switch would 
stop the travel of the pyrometer at the time the 
recorder was drawing a reference mark. 

Charts: Figs. 10, 11, and 12 are charts showing 
typical kiln shell temperature recordings with con- 
tinuous scanning. These show shell temperatures im- 
mediately after installation of a new brick lining 
and three and nine days later. It will be seen that the 
maximum shell temperature of 800°F for the new 
lining recedes to about 700°F after nine days of 
operation. This shows the insulating effect of the 
protective coating built up during that period. 

Fig. 13 is a chart showing a typical recording 
when the pyrometer was stopped for a period of 
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Fig. 4—Plan and detail of traveling radiation pyrometer. 


about 5 hr on a hot spot. In this instance, the limit cuperator section. This figure shows that after the 


switch 9 was adjusted to open at 700°F. After 5 hr, nose ring temperature went down to safe values the 

the burnerman decided that the shell temperature pyrometer was restarted on its regular path of 

at this particular spot was back to a safe value and travel. 

reset the traveling mechanism. Fig. 15 is a typical recording of the pyrometer 
Fig. 14 shows a special case in which the pyro- focused for 24 hr on an area where a hot spot de- 


meter was moved forward past its normal travel 
span to measure nose ring temperatures. These were 
high on this particular day because the clinker was 
improperly air-quenched as it passed over the re- 


Fig. raion e cable along kiln. Fig. 7—Drive unit located at front of kiln. 
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veloped. It is noted that the shell temperature 
started to increase rapidly (at about 4:45 pm) fully 
30 min before the maximum temperature was 
reached. This was a warning to the burnerman, who 
was able to prevent the spot from reaching lumin- 
escence (+1000°F). By reducing the firing rate and 
kiln speed and bringing more feed into the section, 
he brought the shell temperature back to normal 
for this area about 3 hr later. 

Improvement in Kiln Operation: The decreasing 
frequency of kiln shutdowns*are taken as criteria 
of improvement in the operation of kiln No. 12, mill 

March 13, 1957—Kiln was started with recuperator. 

March 13 to Nov. 11, 1957—-Tempilstiks were used 
to measure shell temperatures. During this nine- 
month period the kiln was down five times for re- 

placement of brick in the burning zone. 

: ; Nov. 11, 1957 to June 17, 1958—A radiation pyro- 
meter was mounted on a pedestal and visually 
sighted on the area corresponding to points I and J 
RADIATION in Fig. 2. During this seven-month period the kiln 


PYROMETER 
NEON BULB~ was down twice for replacement of brick in the 
burning zone. 


June 17 to Nov. 10, 1958—The radiation pyro- 
meter was used on a traveling cable. During this 


five-month period the kiln was down twice for 
relining. 
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TECTONIC HISTORY OF THE BASIN AND 
RANGE PROVINCE IN UTAH AND NEVADA 


is the area now called the Basin and Range Prov- 
ince. It is paradoxical that so little geologic informa- 
tion has been compiled for a province that has 
yielded billions of dollars worth of metals and is 
currently producing a small amount of oil. Regional 
stratigraphic studies of parts of this large territory 
have been published only recently, and regional 
structural interpretations of even parts of the prov- 
ince are rare in the literature. 

This, of course, does great injustice to the earliest 
workers: Gilbert,’? Russell,’ Le Conte,* Spurr,’ 
Louderback,® and others, who recognized the area 
as distinctively different from the rest of North 
America. Their simplified picture of the structure of 
the ranges and the province as a whole is the 
groundwork for present understanding and has 
never been superseded. Since their early works, 
however, geologic data from the province has con- 
sisted largely of detailed reports of widely scattered 
mining districts. Each district has been described as 
though it were an island in an unknown sea. 

More recent syntheses of the geologic history have 
been prepared by Lindgren,’ Ransome,’ Nolan,’ Bill- 
ingsley and Locke,” Longwell,” and Eardley.” 


0 ne of the least known geologic regions in the U.S. 
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The tentative nature of the present interpretation, 
which treats the structural evolution of the Utah and 
Nevada area, must be considered in light of the 
scarcity of geologic information from the province 
as a whole. The methods of interpreting tectonic his- 
tory from stratigraphy are based largely on the con- 
cepts of Marshal Kay.” Discussions with Hoover 
Mackin also have aided in organizing the Tertiary 
history. 


TECTONIC AND STRATIGRAPHIC SETTING 


Two approaches to the subject of the tectonic his- 
tory are possible; they correspond to looking through 
opposite ends of a pair of binoculars. One involves 
an expansion and extension of detailed work and the 
other an interpretation based on regional geological 
relationships. It is believed that the second ap- 
proach, used here, is not in disagreement with de- 
tailed observations. 

The area of the Basin and Range Province is 
shown in Fig. 1. Within this area middle Tertiary to 
Recent high-angle faulting has controlled develop- 
ment of mountain ranges and valleys. Only the 
part of the area north of Las Vegas, Nev., and south 
of the Snake River in Idaho will be considered in 
this article. Within this part of the province most of 
the ranges trend north-south. Approximately two 
thirds of the area is covered by late Tertiary to Re- 
cent valley fill and lake deposits. 
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Fig. 1—Index map of western U.S. showing territory 
usually included in Basin and Range Province. In this 
article the Sierra Nevada is considered part of the pro- 
vince, and the Mohave area may not be part of it. 
Walker Lane, parallel to southwestern border of Nevada, 
shows right lateral movement and may extend into 
Mogollon Rim at south of Colorado Plateau. East of the 
province the upper Cretaceous-Tertiary overthrust belt 
has been subjected to post-compressional normal faulting. 


Fig. 2 is a diagrammatic cross section of the Pan- 
cake Range, Railroad Valley, and Grant Range in 
northeastern Nye County, Nev. This cross section 
illustrates some of the following relationships which 
are typical through Nevada and western Utah: 


1) Complex internal structure of the ranges, in- 
cluding folds, some of which are overturned; over- 
thrusts; granitic intrusions; and high-angle faults 
with vertical and horizontal components of move- 
ment. 

2) Asymmetry of ranges and valleys with deep- 
est parts of valleys parallel and adjacent to the high- 
est parts of the ranges, as would be expected in sim- 


plified titled fault blocks. These relationships are 
emphasized by consideration of the dips of the Terti- 
ary volcanics and have been indicated by gravity 
surveys of numerous valleys from Salt Lake City to 
Owens Valley. A gravity profile across Railroad Val- 
ley is shown below the cross section. 

3) Warm spring trends occur in valleys a few 
miles away from the base of ranges and parallel to 
them. These probably indicate major faults at 
depth." The zone between the warm springs and the 
ranges may be a pediment surface covered with al- 
luvium and fans. 


Fig. 3 is a generalized map of the Pancake Range, 
Railroad Valley, and Grant Range showing the fault 
pattern, springs, and wells. The hachured lines are 
thrust fault traces. The others are high-angle faults 
with a predominant north-northeast trend, a sec- 
ondary north-northwest trend, and a few east-west- 
trending faults. 

Similar structural relationships have been recog- 
nized in many parts of the province by geologists 
from universities, mining and oil companies, and the 
USGS. The structural relationships within the val- 
leys have been shown by gravity profiles, made for 
many oil companies and the USGS, and by the 35 
carefully documented deep wells drilled in the prov- 
ince, 11 of which are in Railroad Valley near the line 
of the cross section. These geologic relationships are 
the result of a long evolution, illustrated by the ac- 
companying series of generalized maps and cross 
sections. 

The first stage of the structural evolution to be 
considered occurred during the lower part of the 
Paleozoic era when the area was part of the Cor- 
dilleran geosyncline, which extended from south- 
eastern California to Alaska. This geosyncline was a 
broad subsiding surface on which various amounts of 
sediments were deposited in various depths of water. 
Thus it was possible that a relatively uniform blan- 
ket of several thousand feet of sediments was de- 
posited in shallow water; the rate of subsidence and 
rate of deposition were in close accord. This situation 
predominated in the eastern part of the geosyncline. 

The western part of the geosyncline was much 
more heterogeneous and contains both thick and thin 
sequences of sediments deposited in deep water, 
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Fig. 2—Diagrammatic cross section of typical ranges and valley in the Basin and Range Province. The vertical- 
ruled strata are lower Tertiary volcanics and sediments resting on fractured Paleozoic rocks, The stippled space rep- 
resents Miocene to Recent fill. Derrick to right is Eagle Springs oil field, and the one to the left a dry hole The 
gravity profile below cross section is typical of the valleys and indicates asymmetry. i 
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Fig. 3—Map of Railroad Valley and adjacent ranges showing fault traces, warm springs, Eagle Springs oil field (black 


circles) and dry holes (circle with crosses). 


shallow water, and subaerial environments. Volcanic 
rocks and debris derived from them are common in 
these sediments but absent in the pre-Tertiary sedi- 
ments of the eastern part of the geosyncline. 

These overall differences in sedimentary materials, 
sedimentary environments, and sedimentary proc- 
esses arise from differences in tectonic activity. The 
resulting rocks are distinguished as Eastern facies 
and Western facies. Hotz and Willden” first reported 
a transitional facies consisting of interbedded li- 
thologies common to each of the other sequences. 

Roberts et al.” presented a valuable summary of 
the changes in the Paleozoic rocks from the region 
of Eastern (assemblage) facies to that of the West- 
ern facies. The transitional facies of the Cambrian 
to Devonian systems appear to indicate that a bar- 
rier did not separate the Eastern and Western facies. 

Similarly, the changes in location of various types 
of sediments and thicknesses of sediments reflect 
changes in tectonic activity. The sequence of maps 
and cross sections presented here illustrate, in a gen- 
eral way, the stratigraphic changes and the tectonic 
changes which caused them. 

Three more points will be helpful in visualizing 
this interpretation. First, major vertical movements 
will be considered relative to adjacent tracts of the 
crust. Thus the geosyncline may subside (be nega- 
tive) relative to the more stable central part of the 
continent (craton), which may lie below sea level 
and be receiving thin marine deposits. Also, parts of 
the geosyncline may become positive relative to ad- 


jacent parts of the geosyncline, but these positive 
areas may remain below sea level and receive thin 
marine deposits. The relative vertical movements 
also can be reflected in nonmarine deposits (conti- 
nental or lacustrine). 

The second point concerns the third dimension of 
the cross sections, which were constructed along 
lines from northeastern Utah to central Nevada and 
thence to northern California. Individual depressions 
and positive areas shown probably vary to the north 
or south of these lines, but the overall relations re- 
main the same. 

The third point in this preface is the designation 
of the term welt" to the elongate positive area that 
rose between the areas of Eastern facies and Western 
facies and expanded laterally during Paleozic and 
Mesozoic time. This uplifted belt is similar to Haar- 
mann’s “geotumor,”* Wolfe’s “blister,” ” Rich’s 
“magma body” (Ref. 20, Figs. 1 and 2), and Le 
Conte’s arch lifted by “intumescent lava’ (1889).' 
Probably it was not always above sea level for its 
entire ijength until Mesozoic, and even then it con- 
tained local structural depressions which received 
several thousand feet of nonmarine sediments. 

The terms Manhattan geanticline, Antler organic 
belt, Mesocordilleran geanticline, and Sevier Arch 
have been applied to parts of this welt at various 
stages during its development. As the term geanti- 
cline has been used previously with different con- 
notations, welt seems more descriptive and is used 


here. 
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TECTONIC SEQUENCE 

The following discusion of tectonics and strati- 
graphy of the Utah and Nevada segment of the Basin 
and Range Province begins with the Cambrian and 
includes each period to the Recent. Generalized maps 
and east-west cross sections will illustrate significant 
stages in the history of the region. 

Cambrian: During Cambrian time eastern Nevada 
and western Utah subsided, and up to 8000 ft of 
sandstone, shale, and carbonate rocks were depos- 
ited. This system is 5000 ft thick in the Wasatch Mts. 
and thins abruptly east of the Wasatch line.” In much 
of Utah and Nevada the basal sandstone overlies 
with little or no discordance very thick sections of 
quartzite. The contact between Cambrian and un- 
doubted Pre-Cambrian is rarely exposed. The lime- 
stone unit becomes more argillaceous and cherty to 
the west as in the Toquima and Toyabe ranges and 
farther west is equivalent to calcareous shales con- 
taining some pillow-lavas. 

Roberts et al. (Ref. 16, p. 2828) describes the up- 
per Cambrian Harmony formation as feldspathic 
sandstone, arkose, and grit with minor amounts of 
shale, limestone, and chert. This unit occurs in sev- 
eral ranges in north-central Nevada and is the only 
Paleozoic formation bearing evidence of a nearby 
granitic source (upper Pre-Cambrian). The Cam- 
brian appears to be divisible into an eastern belt of 
uniform thickness, between central Nevada and cen- 
tral Utah, and a belt to the west which commenced 
subsiding earlier and received a generally thicker 
deposit of more siliceous sediments. 

Ordovician: Fig. 4 shows the belt of eastern facies 
(stippled) and the transitional zone (T) which 
separates it from the belt of western facies (vertical 
lines). The western facies subsequently has been 
thrust eastward so that the original relationships 
have not been preserved. However, because of inter- 
bedding of eastern facies limestone and western 
facies graptolitic shale, the same marine waters 
probably had access to each depositional area. 

Fig. 5 is a reconstructed cross section showing the 
abruptness of the eastern margin at the hinge line 
(H) with the craton to the east. The eastern facies 
is predominantly shallow water carbonate deposits 
(Pogonip, Garden City, and Fish Haven formations) 
with a medial clean quartzite (Eureka, Swan Peak, 
and Kinnikinnic formations) that was derived from 
the east. The western facies, up to 25,000 ft thick, 
is predominantly black silty shale with graptolites, 
thick sandstones similar to the Eureka, bedded chert, 
and volcanics (Vinnini and Valmy formations). 

Silurian: The Silurian deposits are thinner than 
those of the other periods; however, they also have 
an eastern facies of dolomite (Laketown and Lone 
Mt. formations) and a western facies of graptolitic 
shale, sandstone, and silty limestone. Silurian shal- 
low water fossiliferous limestone is present in the 
Klamath region of northern California. Winterer and 
Murphy” have suggested that the 4500 ft of Silurian 
dolomites trending north through the Roberts Mts., 
Nev., represent a reef with deeper water reef-flank 
and off-reef deposits to the west. This reef trend 
corresponds to the zone separating the compartments 
of the Cordilleran geosyncline. 

Devonian: The eastern facies of the Devonian 
(Sevy, Simonson, Nevada, Devils Gate, Jefferson, 
and Water Canyon formations) is predominantly 
carbonate rocks; the western facies consists of chert, 
shale, and local silicic pyroclastics in western Ne- 
vada, volcanics in the Klamath region, and argillite, 
chert, marble, and basalt in northwestern California. 
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Fig. 4—Generalized map showing the distribution of 
eastern facies (stippled) and western facies (vertical 
rules) in Cordilleran geosyncline during Ordovician. ih 
is the transition zone and H is the Wasatch hinge line. 
The line of the cross section Fig. 5 is also shown. 


Fig. 6—Generalized map of part of the Cordilleran geo- 
syncline during the Mississippian age. W denotes the 
rising welt and H is the eastern margin of the geosyn- 
cline. Line of the cross section Fig. 7 is also shown. 
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Fig. 8—Generalized map of Utah-Nevada during late 
Triassic showing eastward expansion of welt, W, with 
adjacent subsiding areas. Triassic deposits are more 
than 2000 ft thick and partly mature between 
2000-ft line and welt. East of 2000-ft line 
deposits are thinner and almost entirely non- 
marine. Line of the cross section Fig. 9 is shown. 
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Fig. 5—Diagrammatic cross section across cordilleran geosyncline during Ordovician. Patterns as on Fig. 4. Solid black 
space designates water. H is Wasatch line hinge separating Craton on east from geosyncline; T is the transitional zone 
of increased slope of the sea floor separating the eastern and western compartments of the geosyncline. The variability 
of profile along the trend is indicated by the possible interpretation of one island north or south of the cross-section. 


KLAMATH 
MTNS. 


SEA 


MISSISSIPPIAN 


EUREKA 
NEVADA 


GOLD 
HILL, 
UTAH 


UINTA 
MTNS. 


20 Miles 
2000 Ft 


Fig. 7—Cross section, Cordilleran geosyncline, during Mississippian age. MG, Manhattan Geanticline phase of welt. 
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Toward the end of Devonian time the zone be- 
tween the Eastern and Western facies commenced 
positive tendencies which continued into Mississip- 
pian time (Ref. 22; Ref. 16, pp. 2835-2854). Also 
an area in northwestern Utah rose and was subjected 
to erosion. Parts of the Wasatch, Oquirrh, and Stans- 
bury ranges (Ref. 23, p. 146; Ref. 24, pp. 83-88) are 
on the arch. 


Mississippian: Figs. 6 and 7 show the zone of 
uplift (welt = W), known as the Manhattan geanti- 
cline and Antler orogenic belt, which grew in the 
position of the zone between the Eastern and West- 
ern facies of earlier periods. This welt rose to con- 
siderable height and was subjected to intense ero- 
sion. Large areas of it slid or were thrust to lower 
elevations. The Roberts Mts. overthrust and related 
major thrusts in central Nevada moved western 
facies as much as 80 miles eastward so they now 
overlie eastern facies (Ref. 16, p. 2851). 

This is the beginning of a welt which grew later- 
ally and now includes the Basin and Range Province. 
The welt was very heterogeneous in that parts of 
it rose or subsided to varying extents at different 
times and were eroded to different depths. Probably 
there were several orogenic pulsations separated by 
periods of slower readjustments. Roberts et al. (Ref. 
16, pp. 2838-2846) discuss the “overlap assemblage,” 
which consists of conglomerate, sandstone, shale, 
and limestone in variable thicknesses up to a few 
hundred feet and ranging in age from Mississippian 
to Permian. These deposits overlapped onto the 
west flank of the welt as it decreased in height dur- 
ing late Paleozoic time. 

Clastics eroded from the welt were deposited in 
subsiding depressions to the east and west of it 
as well as in several depressions on it. To the east 
the deposits are predominantly black shale (White 
Pine and Chainman formations) with chert pebble 
conglomerates (Diamond Peak formation) nearer 
the uplift. To the west the deposits are cherty argil- 
lite, shale, limestone, greenstone, andesitic flows, 
pyroclastics, orthoquartzite, graywacke, and con- 
glomerate. In the Klamath region there are local 
coral reefs with cherty shale, tuff, and conglomerate 
probably associated with islands. 

The eastern part of the geosyncline was broken 
into two basins, the White Pine Basin near the up- 
lift and the incipient Oquirrh Basin near the eastern 
boundary of the geosyncline. Decker” and Steele” 
proposed an eastward-trending uplift of Mississip- 
plan age in the northern part of northeastern 
Nevada. Steele cites evidence from northeastern 
Nevada of some north-trending anticlines whose 
higher parts were removed by erosion in Pennsyl- 
vanian time. Possibly a large similar structure ex- 
isted in western Utah. This break-up of the for- 
merly homogeneous segment of the crust continued 
into the Pennsylvanian and resulted in further addi- 
tions to the welt. 


Pennsylvanian: The welt remained positive but 
was lowered by erosion. Its western edge foundered, 
and Pennsylvanian deposits onlapped it and were 
deposited in several basins upon it (Battle and High- 
way formations). The Havallah formation, 10,000 ft 
thick, consisting of sandstone, limestone, and shale, 
was deposited west of the welt. 

The eastern part of the geosyncline and the edge 
of the craton continued to break up with develop- 
ment of the Oquirrh and Paradox basins and ad- 
jacent uplifts. Cyclic marine limestones, shales, and 
siltstones were deposited in western Utah and east- 
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Fig. 10—Generalized map of the upper Cretaceous 
showing the welt W (blank area), Rocky Mt. geosyn- 
cline (stippled). Pacific Coast geosyncline (vertical rules), 
and Sierra Nevada (SNB) and Idaho batholith (IB) with- 
in the welt. Line of the cross section Fig. 11 is also 
shown. 


Fig. 12—Generalized map showing the extent of the welt 
during lower Teritiary and location of sediments of 
this age preserved in structural depressions on the welt. 
They probably also are present in-several other places. 
The line of the cross section Fig. 13 is also shown. 


ern Nevada. Dott (Ref. 27, pp. 11-13) discussed the 
tectonic and sedimentary environment of this system. 

Permian: The welt was probably eroded quite low 
but remained an effective barrier separating very 
thick deposits of clastics and volcanics on the west 
from red-bed, evaporite, and carbonate deposits lo- 
cally very thick in eastern Nevada. Deposition of sili- 
ceous and phosphatic sediments east of the welt may 
have been influenced by the abundance of volcanics 
to the west. Roberts et al.” report Permian folding 
and thrusting west of the welt. 

Triassic: Figs. 8 and 9 show that the western 
margin of the welt subsided, and a thick sequence 
of volcanic, clastic, and carbonate sediments was 
deposited there in an unstable tectonic setting dur- 
ing Triassic time.* 

The area eastward almost to the old Wasatch 
hinge line was consolidated with the welt, forming 
a larger area wth positive tendencies after lower 
Triassic time.” The zone of subsidence migrated 
eastward approximately to the position of the for- 
mer hinge line. 

This depression was probably asymmetric, the 
steeper side toward the west. The abrupt eastward 
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ee ea ee welt during the Cretaaceous period. Patterns here as on Fig. 10. The solid 
presents the Cretaceous deposits near Eureka, Nev., and the crosses indicate granite intrusions. 
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Fig. 13—Diagrammatic cross section of welt following deposition of volcanic blanket. The solid black areas represent 
the lower Tertiary deposits on top of welt. To the east is the Uinta Basin and to the west the Pacific Coast deposits. 


thinning from the geosyncline onto the craton which 
persisted through the Paleozoic was replaced by 
gentle thinning over a westward epeirogenic tilting 
of the western edge of the craton. The 2000-ft 
isopachous line for the Triassic period is shown in 
Fig. 8. 

Ultrabasic rocks were intruded along a Zone 
through central California and central Oregon dur- 
ing the Triassic and Jurassic periods. 

The Triassic presents the first break in the sym- 
metry of the North American continent which was 
produced by the similarity of the Cordilleran and 
Appalachian geosynclines since Pre-Cambrian time. 
The differences in history of these two areas during 
Mesozoic and lower Tertiary time account for the 
presence of the Basin and Range structures in Utah 
and Nevada and the lack of similar structures in 
the Appalachian region. 

Jurassic: During Jurassic time the welt expanded 
westward from central Nevada to central California 
as shown on the series of isopach maps by McKee 


et al.” Ferguson and Muller® record compressional 
tectonics associated with uplift of the western part 
of the welt. Flanking the western edge of the welt 
10,000 to 20,000 ft of sediments were deposited in 
a complimentary depression. 

A similar depression along the eastern margin of 
the welt from southeastern Idaho to southern Nevada 
received more than 5000 ft of sediments. Part of 
these deposits was destroyed by subsequent east- 
ward expansion of the welt. This trough was 
along the trend of the former Wasatch hinge line 
and was asymmetric with a steep flank to the west 
and a gentle flank to the east. 

Cretaceous: Figs. 10 and 11 show the welt to have 
been consolidated as a positive region from central 
Utah to central California. The eastern margin rose 
to form the Sevier Arch,” which shed clastics into 
the Rocky Mt. geosyncline on the western margin 
of the craton. 

Along the western edge of the welt, approximately 
in the position of the Great Valley of California, 
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the crust subsided greatly, and several thousand 
feet of sediments were deposited in the Pacific Coast 
geosyncline. These were derived in part from ero- 
sion of the Sierra Nevada part of the welt. 

In central Nevada about 1000 ft of nonmarine 
Cretaceous sediments were deposited in a small 
structural depression indicating the irregularity of 
the surface of the welt. 

The welt was intruded early in Late Cretaceous 
time by granitic rocks.” This material probably was 
released from a part of the subcrust which was ex- 
panding and causing the enlargement of the welt. 
These synorogenic intrusions were closely related 
to deformation that continued into Paleocene time 
and included folding, overthrusting, and possible 
gravitational gliding of large sheets of sediments. 
The folds trend generally north-south. 

Evidence of deformation during the Cretaceous 
Period is given by Willden,” who reports Jurassic 
or early Cretaceous uplift and diorite intrusion in 
the Jackson Mts., 50 miles northwest of Winnemucca, 
Nev. Lower Cretaceous rocks in this range were 
tightly folded during Cretaceous or early Tertiary 
time, conglomerates were deposited across them, and 
older rocks were thrust over them. 

The welt reached its maximum development dur- 
ing upper Cretaceous, as did the depressions along 
its east and west margins. Intensity of tangential 
deformation, possibly compressional, reached a max- 
imum, and synorogenic granitic intrusions invaded 
the crust. This orogeny is known generally as Lara- 
mide, and compressional mountains were formed. 
The crust of the welt became oronized (Ref. 34, p. 
504). That is, the former geosyncline and its con- 
tained sediments, which had been pliable in the 
Paleozoic and Mesozoic periods of deformation, be- 
came consolidated and more rigid and brittle. 

Eocene and Oligocene: Figs. 12 and 13 show the 
maximum areal extent of the welt when it included 
the region from the Wasatch Mts. to the west side 
of the Sierra Nevada. East of the welt the Rocky 
Mt. geosyncline was broken up into several basins 
and mountain ranges; however, major subsidence 
adjacent to the welt is recorded in the Green River 
and Uinta basins and along a narrow belt extending 
southwestward across Utah and into the southern 
tip of Nevada. Numerous basins in California were 
on the west side of the welt. 

On top of the welt alluvial and lacustrine sedi- 
ments of Eocene age were deposited in structural 
depressions and are preserved in a small area south 
and southwest of Ely (Winfrey’s Sheep Pass forma- 
tion)* and north of the Narrows of the White River 
near Hiko (Fig. 12). The Sheep Pass formation, con- 
sisting of locally derived conglomerate, sandstone, 
shale, and limestone, was deposited in an elongate 
depression bounded by east-west faults. Probably 
similar rocks are present but unrecognized in sev- 
eral other places in western Utah and Nevada. Ac- 
tive erosion during this time lowered the relief of the 
compressional mountains. 

Following deposition of the Eocene sediments an 
extensive blanket of volcanic rocks was deposited 
over the region. The age of these volcanic rocks is 
probably Oligocene, although some may be lower 
Miocene in age and others upper Eocene, depending 
on the geochemical, paleontologic, or stratigraphic 
method used in the age determination. These rocks 
have been described as welded tuffs,® ignimbrites,” 
latite flows, and rhyolite flows. Extrusive volcanic 
rocks of these types and of similar ages are present 
throughout most of the area of western Utah, Ne- 
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vada, and eastern California. A significant exception 
is in northeastern Nevada where tuffaceous alluvial 
and lacustrine sediments including limestone and 
oil shale were deposited. 

The stratification of these volcanics was essentially 
horizontal and is probably the most important datum 
plane in the Basin and Range Province. This se- 
quence, with an estimated average thickness of 
1500 ft, represents 60,000 cu miles of material 
brought to the surface. These rocks were deposited 
unconformably on a surface with relief greater than 
their thickness. 

These volcanic rocks apparently came from widely 
scattered sources and because of their high degree 
of mobility filled the topographic low areas on an 
uneven but essentially horizontal surface. (Mackin 
has prepared a manuscript discussing these rocks 
and their tectonic significance.) The tuffs and flows 
probably represent transfer to the surface of a layer 
of subcrustal molten rock with about the same 
thickness, 1500 ft. Some faulting and tilting was 
coincident with this deposition; however, the great- 
est part of the faulting which created the present 
ranges and valleys is later than these volcanics, 
which rest on the more gentle dip-slopes of the tilted 
fault blocks. 

Following deposition of at least part, if not all, 
of these extrusive rocks, they were locally deformed 
by intrusions of post-orogenic granitic stocks and 
laccoliths in western Utah and eastern Nevada. The 
age of these intrusives is probably Oligocene and/or 
lower Miocene. 

The welt maintained much of its Cretaceous mag- 
nitude into lower Tertiary time. The transfer of vast 
quantities of post-orogenic volcanic material to the 
surface and the intrusion of numerous post-orogenic 
granitic stocks may have initiated a brief regional 
lowering of the surface of the welt which was proba- 
bly in part counterbalanced by the thickness of the 
deposits on the surface. 

Miocene to Recent: The geologic history of Nevada 
during the Cenozoic era has been summarized by 
Van Houten (Ref. 38, pp. 2819-22). The surface 
of the welt during Miocene time was about 2000 ft 
above sea level (Ref. 39, p. 1527) and contained 
“scattered mountains and many lakes and swamps.” 
Local voleanic sources contributed flows and wide- 
spread, very abundant effusives. 

Miocene and Pliocene sediments are generally 
tuffaceous and consist of alluvial clastics derived 
from nearby mountains and lacustrine calcareous 
very fine clastics containing ostracods, diatoms, and 
carbonaceous material. These rocks reach 7000 ft 
in thickness and pass imperceptibly upward into 
modern valley fill. Conglomerates are present only 
in a narrow zone adjacent to the ranges and pass 
rapidly into silt and clay-size clastics. 

Basaltic and andesitic flows of the Columbia River 
Plateau overlapped the northwestern part of the 
welt in southern Oregon and northern Nevada dur- 
ing Miocene time. 

The region from the west side of the Sierra Ne- 
vada to the high plains east of the Rocky Mts. rose 
during Pliocene to Recent time. High-angle faults 
developed as a result of this extension of the crust 
and are especially evident in the Basin and Range 
Province on top of the welt. The valleys and ranges 
of this province were formed by movement along 
these faults that probably began in Miocene time and 
continued to Recent (Basin and Range orogeny). 
The greatest movement probably occurred in Plio- 
cene time. 


The region characterized by this block faulting 
is the Basin and Range Province, and in Utah, Idaho 
Nevada, Oregon, and California it coincides with the 
extent of the welt. Similar Cenozoic block faulting 
occurred in Arizona, New Mexico, Texas, and Mex- 
ico, but the history of that area is different from the 
one described here. 

In Utah and Nevada the ranges trend north-south. 
Some contain complex internal structures produced 
during previous deformations, whereas others con- 
tain broad gentle middle Tertiary folds. 

The range fronts are irregular, with cove-like 
re-entrants, prominences (points) extending into 
the valleys, and straight segments parallel to the 
trend of the ranges. Despite these variations, the 
range fronts are remarkably straight on large-scale 
maps. The range-front faults are composites of sev- 
eral faults. Some of the ranges appear to have been 
uplifted along one or both sets of fractures (faults) 
developed by a shear couple. These faults trend 
north-northeast and north-northwest, and when up- 
lift occurred along alternate sets every few miles, a 
serate mountain front is formed. Some of the ranges 
appear to have been uplifted predominantly along 
one set of shear fractures, and the result is an en 
echelon series of ramp-like segments of the range. 
The straight segments of some range fronts may be 
the results of uplift along faults which formed as 
longitudinal faults on folds created during Creta- 
ceous or Mississippian times. The uplift of the ranges 
was accomplished in the easiest of several available 
ways. 

As the ranges grew, each valley was filled with 
debris by its own interior drainage system. As the 
valleys filled and the divides were covered, these 
systems coalesced, until about the time of Pleisto- 
cene glaciation two large lakes, Bonneville and 
Lahontan, were formed. Glaciers were present in 
the Wasatch Range, Ruby Range in Nevada, Sierra 
Nevada, and other high ranges throughout the prov- 
ince. 

The interior drainage system in western Utah 
and Nevada persists as the Great Basin, a term with 
only hydrographic significance, but it is being en- 
croached by exterior drainage from the Colorado 
and Snake River systems. 


The province has returned to arid conditions, and 
degradation of the mountains is now caused mainly 
by small sporadic floods carrying debris down the 
canyons to form alluvial fans. Many of the valleys 
contain playas. 

Recent tectonic activity in the province is ex- 
pressed in the form of earthquakes and small dis- 
locations of the surface. Recent volcanic activity has 
resulted in small outpourings of basalt. 

The Snake River downwarp extends from east to 
west across southern Idaho. It is filled with the 
many thousands of feet of Pliocene and Pleistocene 
basalt flows, which filled the depression as it sank. 
Ranges and valleys of the Basin and Range Province 
plunge beneath the basalts and reappear north of 
the downwarp. Some of the ranges terminate 
abruptly as though cut off by large faults. Many of 
these basalts post-date the major uplift of the 
ranges. The downwarp is strikingly transverse to 
earlier structural grain. 


MECHANICS OF BASIN AND RANGE TYPES 
OF BLOCK FAULTING 


The mountain ranges and valleys of western Utah 
are considered typical of the Basin and Range Prov- 
ince (Fig. 1). Similar tilted fault block ranges have 
been recognized to the north in southern Oregon, 
Idaho, and western Montana and to the south in 
Arizona, New Mexico, Texas, and Mexico. Some of 
the similarity may be more the result of physio- 
graphic features than structural ones. Although all 
these ranges appear to have been caused by vertical 
forces acting since mid-Tertiary, the geologic his- 
tories of these various areas are quite different up 
to the beginning of Tertiary time. Therefore the fol- 
lowing discussion is applied here only to that part 
of the province in Utah and Nevada. 

Several theories have been suggested to explain 
the development of the ranges and valleys of the 
province. These can be grouped into two general 
classes: 1) those predicated on regional tension and 
2) those predicated on regional compression. Nolan 
(Ref. 9, pp. 178-179) has summarized the ideas pre- 
sented before 1939. The following discussion will 
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Fig. 14—Depths to pre-middle Tertiary rocks in the valleys, San Joaquin Valley to Green River. 
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include recent observations pertinent to these the- 
ories and also the theories that have been pre- 
sented since 1939. 

Tensional Causes: The first widely accepted ex- 
planation of the ranges of the province was pre- 
sented by Gilbert in 1875 and was reiterated in 1928. 
Gilbert called attention to the large normal faults on 
one or both sides of most of the ranges in western 
Utah and Nevada and attributed these faults to 
vertical (tensional) forces. The possibility of ten- 
sion in surficial rocks arched over a rolling surface 
below the crust was mentioned, but the cause of 
the vertical forces was not thoroughly discussed. 

Gilbert’s ideas have been accepted by the majority 
of geologists working in the region; other geologists 
have suggested modifications, and some have dis- 
agreed completely with his ideas. The basic concept 
of vertical movement, not horizontal forces, creat- 
ing the ranges remains the logical explanation. 

LeConte* proposed that the tilted fault-block 
ranges resulted from distension of the crust in an 
arch lifted by ‘“‘intumescent lava.” The abundant 
volcanism and intrusion prior to the block faulting 
and the waning volcanism since it began appear to 
contradict the cause of the arch LeConte proposed. 

Most of the Basin and Range Province is more 
than 5000 ft above sea level, with numerous ranges 


rising to elevations over 9000 ft. Near the eastern 
and western margins of the province are broad areas 
4000 to 5000 ft above sea level. These slight de- 
pressions near the margins are adjacent to the 8000 
to 12,000-ft elevations of the Sierra Nevada in Cali- 
fornia and the easternmost ranges of the province 
and the high plateaus of Utah (Fig. 14). 

The province appears as a broad topographic high 
area in eastern Nevada with peripheral topographic 
depressions. These, in turn, are flanked on the east 
and west by narrow belts of elevations higher than 
those in the center. 

The western part of the U. S., from the Great 
Plains to California, has been elevated about 2000 
to 5000 ft since Miocene time. 

Evidence of regional uplift of the province is 
found in the fact that upper Cretaceous rocks which 
were deposited near sea level adjacent to the welt 
from southeastern Idaho to southern Nevada are 
now more than 5000 ft above sea level. Similarly, 
Mio-Pliocene sediments deposited about 2000 ft 
above sea level in western Nevada” are now more 
than 5000 ft above sea level. 

Many of the mountain peaks in the province are 
more than 9000 ft above sea level. The valleys con- 
tain a large volume of debris that has been eroded 
from them as they rose. The deepest parts of many of 
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Upper Cretaceous or Mid-Tertiary 
granitic intrusive 
Fig. 15—Hypothetical cross section of a typical mountain range in the Basin and Range Province. Much spatial 


adjustment is taken up by small movement along abundant fractures and antithetic faults. Blocks downthrown 
toward the valleys, as to the right of the crest here, may protrude through the gravels as small hills er may have 
pediment surfaces cut on their tops. Similar though more deformed cross sections may be drawn through Hie of 
ranges where granitic stocks have been intruded. Range profiles are altered from that above by erosion and aie by a 


greater number of faults. 
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ee rica Sap eie cross section from the Toquima Range in central Nevada to the House Range in Western Utah 
e soli nee bands which represent lower Tertiary volcanic deposits show the dip slopes of the ranges. The 
ranges can be interpreted as being the remnants of four large anticlinal structures (A) with intervening synclines (S). 


the valleys are about sea level. This would indicate 
that the Oligocene (?) volcanic surface has an 
average elevation of 5000 ft, which is probably more 
than 3000 ft above its elevation at the time of its 
deposition. 

That the actual uplift of the ranges has been 
more than that of the valleys is indicated by the 
absence of the Oligocene (?) volcanics from many 
peaks over 10,000 ft above sea level and the presence 
of Mio-Pliocene sediments at elevations over 7000 
ft, well above the valley floors, in many mountain 
passes. 

The normal faults probably approach horizontal 
at depths of less than 5000 ft below sea level, or 
they may end at possibly greater depth if there is 
a regional surface of slippage (Fig. 15). 

Abundant small antithetic faults are important in 
fitting the blocks to their new shapes and positions. 
It is possible that adjustment along these faults and 
fractures is adequate to compensate for all the 
movement on the major normal fault system. 

This epeirogenic rise meant that the crust of this 
area had to adjust gravitationally to the greater 
length of the arc of its segment of the earth. This 
adjustment took place in the Basin and Range Prov- 
ince by differential uplift along normal faults which 
dip about 70°. The ranges are typically tilted fault 
blocks made up of several essentially parallel blocks 
tilted in the same direction and upthrown on the 
same side but usually in lesser amounts than the 
main range front. This tilted stair-step configuration 
continues beneath the valleys, forming tilted graben 
whose greatest depth is adjacent to the next moun- 
tain range. The zones from the deepest part of the 
valleys to the crests of the ranges is about 3 miles 
wide and usually consists of stair-step fault slivers 
respectively upthrown toward the ranges. 

The ranges, evenly spaced across the province, 
are 6 to 15 miles wide and often more than 100 
miles long. 

Fig. 16 is a diagrammatic cross section from the 
Toquima Range in central Nevada to the House 
Range in western Utah. The direction of tilting of 
the fault blocks is indicated by the dip of the Oligo- 
cene (?) volcanics, which are assumed to have had 
nearly horizontal upper surfaces when deposited. 

This cross section can be interpreted as repre- 
senting tilted fault blocks developed by tension over 
four large deep anticlines or as more or less random 
tilting resulting from province-wide uplift. Evidence 
favors the latter except between the Monitor ana 
Antelope ranges. These ranges appear to Join at the 
south, forming a south-plunging anticline, the valley 


having been formed by down-dropping of a key- 
stone block. 

If the ranges had been formed over large deep 
anticlines, the elevations of the crests might be ex- 
pected to increase toward the axial planes of the 
proposed anticlines or older strata should be exposed 
et higher elevations nearer the axial planes. These 
conditions are not observed. 

If such deep anticlines existed and were leveled 
by collapse, there should have been concurrent 
leveling of the intervening synclines which would 
have created compressional mountains. 

Further difficulty with the deep anticline theory 
is presented in the Egan Range. North of Ely, Nev., 
the range dips to the west for 60 miles. From Ely to 
a point 70 miles south it dips east and there changes 
to west dip for several miles more along the same 
strike. Unless these segments have been coincidently 
moved laterally to their present inline position, they 
cannot be explained as associated with a large deep 
anticline. 

Many other’ geologists, including Longwell 
(1950),” have considered that the normal faults 
resulted from the collapse of an arch following 
subcrustal transfer of igneous material. This has 
been explained as resulting in transfer of the Ter- 
tiary volcanics to the surface of the Basin and 
Range Province or laterally eastward to cause the 
uplift of the Rocky Mt. Province. 

Removal of subcrustal material would have in- 
duced horizontal compression in the crust as it 
attempted to adjust to its shortened arc. The range- 
bounding faults are generally recognized to be nor- 
mal faults, and post-lower Tertiary compression does 
not appear to have been an active regional force. 

Axelrod has cited paleobotanical evidence from 
western Nevada that indicates the province has 
been elevated since mid-Tertiary. R. Y. Anderson 
examined subsurface samples of Mio-Pliocene sedi- 
ments from eastern Nevada for the Gulf Oil Corp. 
in 1955 and concluded from a study of the spores 
and pollen that the ranges contained flora similar 
to those of today. In neither case is there evidence 
of general subsidence of the area but rather indica- 
tions of uplift of the ranges and valleys. 

Compressional Causes: Many theories have been 
presented citing regional tangential compression as 
the cause of the present ranges and valleys of the 
province. The first of these theories presumed a 
similarity of the Basin and Range Province with 
the compressional-erosional mountains of the Ap- 
palachian Province. The structural similarity was 
soon found not to exist, but Spurr (1901)° and 
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Keyes (1908) continued to propose erosional proc- 
esses as having created the valleys. 

Baker suggested that some of the ranges in south- 
western Nevada and adjacent California were 
caused by tangential compression.“ Other geologists 
also have interpreted the ranges as resulting from 
regional compression. Some have interpreted the 
ranges as upthrust blocks and others have inter- 
preted them as Tertiary anticlines involving rocks 
deformed before Tertiary time and therefore dis- 
cordant to the form of the present anticlines. These 
concepts have not been documented extensively in 
the literature. 

Most recent workers have not favored the com- 
pressional or erosional theories for creating the 
ranges and valleys. However, Steele” has presented 
a very interesting new theory which combines cer- 
tain aspects of both ideas. 

Steele proposed a history of development as fol- 
lows: 


1) Mississipian orogeny created the northeast- 
southeast-trending Manhattan geanticline in central 
Nevada and east-west-trending positive feature in 
northern Elko County (northeastern), Nevada. 


2) East of the geanticline the shelf area (eastern 
Nevada and western Utah) was gently folded into 
north-south-trending folds. 


3) Upper Mississippian and lower Pennsylvanian 
erosion breached and beveled the anticlines, some 
as deeply as the middle Ordivician quartzites, and 
filled the synclines with clastics. 


4) Oscillatory uplift and subsidence of the 
folded area allowed mixing of clastics from the ge- 
anticline and positive area in marine sediments dur- 
ing upper Pennsylvanian, Permian, and lower Trias- 
sic time. 


5) Post-middle Miocene major compressive forces 
acted in an east-west direction. The buried eroded 
anticlines acted as the jaws of a vice on the thicker, 
weaker Paleozoic sedimentary piles within the syn- 
clines, which were forced topographically higher 
than the anticlines, with major shearing along the 
flanks. Some of the ranges are horsts bound by re- 
verse faults and others have been gently arched. 


In summary, in northeastern Nevada, present 
ranges were born from thick sedimentary sections 
once protected in the synclines, while the valleys 
have been formed from eroded anticlines stripped of 
their middle and lower Paleozoic cover and subse- 
quently buried by Tertiary valley fill. 

The compressional forces which have caused 
lateral movement along the San Andreas fault in 
California are considered to have created Basin and 
Range structure. Cloos (Ref. 42, pp. 246-247, 254- 
255, and Fig. 8) has experimentally reproduced some 
Basin and Range structures by lateral extension of 
blocks of clay and has reproduced some of the map 
patterns by rotation of a shear couple. ‘ 

Moody and Hill (Ref. 43, pp. 1221-1223) have 
interpreted the ranges and valleys of the province 
as the results of shear caused by north-south com- 
pression. This is considered part of a universal sys- 
tem of wrench-fault tectonics. Their statements re- 
garding uppermost Tertiary compression and over- 
thrusting are undocumented; however, the basic 
concept is worthy of consideration because of the 
evidence of several large wrench faults within the 
province and lateral movement along recent earth- 
quake scars. 


A2. 


RELATIONSHIP OF ORE DEPOSITS TO 
TECTONIC HISTORY IN WESTERN UTAH 
AND NEVADA 


Fig. 17 shows the distribution of mining dis- 
tricts in western Utah, Nevada, and part of Califor- 
nia as compiled by Jerome and Cook.“ Most of these 
deposits are in the vicinity of Mesozoic or Tertiary 
intrusions or Tertiary extrusives. The area con- 
taining these ore deposits coincides with the area of 
the Basin and Range Province, and the history of 
these deposits is an integral part of the history of 
the province. Ferguson® recognized three general 
types of districts: 1) the ones associated with in- 
trusives related to those of the Sierra Nevada, 
typically argentiferous quartz vein deposits in the 
western half of Nevada and auriferous quartz veins 
in eastern California; 2) those associated with Ter- 
tiary intrusives, typically base metal replacement 
deposits, usually in the eastern half of Nevada and 
western Utah; and 3) veins of silver and gold in 
Tertiary volcanics. In general, the deposits of type 1 
occur in the area of volcanic and siliceous clastic 
geosynclinal deposits, and those of type 2 in the area 
of predominantly carbonate deposits except at Yer- 
ington, Nev., which is in the western part of the 
geosyncline. Deposits of type 3 occur throughout 
the province and the metals appear more related 
to a common source than to reactions with specific 
types of country rock. These rocks also contain small 
concentrations of radioactive minerals over most of 
the region. When the volcanics have been subdi- 
vided into lower Tertiary and upper Tertiary, a tec- 
tonically controlled pattern of deposits may be dis- 
closed. Probably the different tectonic zones and sed- 
imentary histories of these areas are responsible for 
these differences. 

Kerr* noted similar distribution for the tungsten 
deposits, which are also related to Cretaceous and 
Tertiary intrusives and divisible into an eastern 
and a western group separated by a barren belt 
trending northward across central Nevada. Possibly 
this barren belt is more apparent than real. 

C. W. Burnham™ has mapped the distribution of 
several metals and trace elements in the western 
U.S. Almost all his maps show a pronounced north- 
northeast-trending zonation through central Nevada, 
corresponding to the trends of the various phases 
of the welt. The maps showing distribution of gold, 
silver, and tungsten deposits show greater density 
of points in western Nevada, with a secondary belt 
trending north-northeastward across Utah from the 
southern tip of Nevada. This latter belt corresponds 
to the eastern edge of the Basin and Range Province. 

Replacement-type deposits of lead and zine are 
almost exclusively in the eastern part of the prov- 
ince where the Paleozoic carbonates were deposited. 
Porphyry copper deposits occur in two areas: 1) 
western Utah—eastern Nevada and 2) extreme 
western Nevada—eastern California. 

Deposits of quicksilver occur in western Nevada 
and adjacent parts of California. Possibly they were 
formed by solutions associated with late Tertiary 
volcanism, but the source material was probably 
different from that which supplied late Tertiary 
volcanics in eastern Nevada and Utah. 

Most of the ores are related to intrusions of gran- 
itic rock which may be either upper Cretaceous or 
middle Tertiary in age. Differentiation of the intru- 


Fig. 17 Map by Je rome and Cook (1958) showing concentration of mining districts in the Basin and Range Province 
of Utah-Nevada-California. Size and darkness of circles indicate value of production and reserves. C, Comstock; Y 
Yerington; T, Tonopah; P. Pioche; E, Ely; T, Tintic; B, Bingham. 


sions of these ages will probably be of much aid in 
establishing exploration targets. The thrust faults 
of Mississippian and Cretaceous ages do not appear 
to exert a primary control on the intrusions of 
mineralization. These faults are mineralized, how- 
ever, near the intrusions. The major movement on 
the range-bounding normal faults postdates the in- 
trusions, but some of the initial fractures probably 
existed or were caused by uplift during the intrusion. 
Mineralization may occur along the earlier of these 
faults. 

Some of these intrusions are along the axes of 
anticlinal folds. Discounting local uplift caused by 
the intrusions, it would be expected that the syn- 
tectonic Cretaceous intrusions would be more closely 
related to large anticlines than the post-Tectonic 
middle Tertiary intrusions. 


RELATION OF PETROLEUM TO TECTONIC 
HISTORY IN WESTERN UTAH AND NEVADA 


Smith” has summarized petroleum exploration in 
western Utah and Nevada. Two important phases 
were: 1) mapping and drilling of anticlinal struc- 
tures probably formed during Cretaceous time ex- 
posed in the ranges and subsequently 2) gravity and 
seismograph mapping and drilling in the valleys. 

Rocks of Ordovician, Silurian, Devonian, Missis- 
sippian, Pennsylvanian, Permian, and Tertiary ages 
in eastern Nevada and western Utah are similar to 
rocks of these ages which produce in Oklahoma, 
Texas, and the Appalachian region. These sediments 
are all intensely fractured and deformed to such an 
extent that primary accumulations probably have 
been dispersed into subsequent traps or dissipated. 


Shows of oil are present in Mississipian and Ter- 
tiary rocks, but the others could also be the source 
of hydrocarbons and contain them. 

Oil is being produced from only one field in the 
region: Eagle Springs, Railroad Valley, Nye County, 
Nev. The crude is very viscous, with a high pour point. 
and is contained in a reservoir of fractured Tertiary 
volcanics and sediments and Permian limestone. This 
field was found by seismograph mapping and the 
accumulation probably is contained by overlying 
shales and updip closure against a major normal 
fault. There is no expression of closure at the sur- 
face; however, an alignment of warm springs east 
of the field may indicate the bounding fault. Lower 
Paleozoic rocks are exposed in the Grant Range two 
miles east of the oil field. 

Tertiary rocks in the Egan Range, 30 miles to the 
east of Eagle Springs, contain similar hydro-carbons, 
and shows of oil have been obtained from them in a 
well drilling in the intervening valley (Standard Oil 
Co. of California No. 1, County Line Unit). 

Chemical analyses of the oil produced at Eagle 
Springs are similar to analyses of the oil obtained 
from lower Tertiary rocks at the surface nearby 
and are different from the analyses of the oil in 
Mississippian rocks. If this observation indicates a 
lower Tertiary source for the oil, similar accumula- 
tions would be restricted to areas of lower Tertiary 
rocks beneath the valleys. If Mississippian rocks are 
also source beds for as yet unfound accumulations 
the prospective area is much larger. 

There is a significant difference between the pos- 
sibilities for accumulations of Mississippian and Ter- 
tiary oil and gas. This difference is the result of the 
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tectonic history. Mississippian source rocks and ac- 
cumulations were subjected to intense deformation 
during Cretaceous time and normal faulting dur- 
ing upper Tertiary, whereas the lower Tertiary rocks 
were deposited after the major orogeny. 

Significantly, the numerous granitic intrusions 
and volcanics have not caused any regional effects 
deleterious to oil from or in lower Tertiary rocks, 
and this may be assumed also for the Paleozoic 
rocks. 


SUMMARY 


The geologic history of western Utah and Nevada 
can be summarized as follows (Fig. 18): 


1) Proterozoic: A thick sequence of clastic and 
carbonate sediments was deposited throughout a 
large part of western U. S. 

2) Lower Paleozoic: The Cordilleran geosyncline 
developed with a hinge line (Wasatch line) trend- 
ing north-northeast from the southwestern corner 
of Utah, separating a thicker sequence of carbonate 
deposits in the geosyncline from a very thin se- 
quence on the shelf to the east. The geosyncline was 
divided by a hinge line trending north-northeast 
through central Nevada which separated the car- 
bonates on the east from clastics and volcanics on 
the west. 


3) Upper Paleozoic: An elongate tectonic welt 
was formed by uplift and intense compressional de- 
formation along the trend of the hinge line in the 
middle of the geosyncline. Geosynclinal-type vol- 
canic activity continued in the west and was absent 
in the east. The eastern part of the geosyncline and 
adjacent shelf broke into several prominent basins 
and uplifts. At the end of this time, the region ceased 
to be tectonically related to the belt peripheral to 
the nucleus of the North American continent. 

4) Mesozoic: Uplift and eastward and westward 
expansion of the welt continued with correspond- 
ing migration of subsiding troughs on each flank. 
Geosynclinal volcanism continued west of the welt 
into Jurassic time. Intrusions of syntectonic gran- 
itic rocks were emplaced in eastern California and 
western Nevada during Cretaceous time. The welt 
included the region from the Wasatch line to the 
Sierra Nevada and was subjected to intense com- 
pressional deformation. During this time, the region 
became part of the Circum-Pacific tectonic belt. 

5) Lower Cenozoic: Post-orogenic relaxation of 
compressional stresses, post-orogenic erosion, post- 
orogenic vulcanism, and post-orogenic granitic in- 
trusion were active throughout the region. During 
this stage the region may have been comparable to 
the island arcs of the modern Circum-Pacific belt. 
The Tertiary basins to the east may have been 
equivalent to Umbgrove’s idiogeosynclines (Ref. 50, 
Fig. 123), and the Sierra Nevada may have been 
equivalent to the nonvoleanic outer arcs. 

6) Upper Cenozoic: Uplift of the western U. S. 
caused extension of the crust which resulted in tilt- 
ing of large composite fault blocks. These form the 
present ranges and valleys of the province. Interior 
drainage systems developed, and the valleys have 
been filled. The volcanic-filled Snake River down- 
warp discordantly crosses the northern part of the 
province, and major strike-slip faults have caused 
dislocations in the southern part of the area. The 
asymmetric uplifts (monoclines) of the Colorado 
Plateau and Rocky Mts. may represent similar re- 
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Fig. 18—Diagrammatic cross sections illustrate trans- 
formation of the Cordilleran geosyncline of the lower 
Paleozoic into the progressively enlarging welt (solid 
black) of later time. T is the transition zone between 
eastern and western parts of the geosyncline and H is 
the hinge between the geosyncline and the craton. 


action to regional uplift but differ from those of the 
Basin and Range Province because of a shallower 
granitic basement. 


The structures (ranges and valleys) of the Basin 
and Range Province in Western Utah and Nevada are 
characterized by the following features: 


1) The ranges are elongate and asymmetric, with 
steep fronts created by uplift along normal faults 
and more gentle tilted dip slopes. The ranges consist 
of several fault blocks tilted in the same direction, 
usually with the highest points of the blocks de- 
creasing systematically in the direction of tilting. 
These conditions also exist beneath the valleys. 

2) The valleys are the debris-filled depressions 
formed along the intersection of the lower tilted 
slopes of one mountain range and the steep frontal 
fault system of the adjacent mountain range. The 
valleys thus are asymmetric also, with their deepest 
part next to the highest part of the adjacent moun- 
tain range. The valleys have been filled to depths of 
several thousand feet by interior drainage systems, 
which have developed as the ranges grew. 

3) The tilted blocks contain rocks which have 
been folded, faulted, and overthrust by various 
phases of at least two major orogenies. The normal 
faults cut across these structures and intrusives of 
Cretaceous and Tertiary age. 

4) The normal faults may represent a second 
period of movement on faults originally formed as 
longitudinal faults or fractures on folds developed 
during previous orogenies. 

5) The range fronts trend slightly east of north 
and are essentially straight in the gross, but that is, 
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in many cases, the cumulative effect of n 5 
small variations from the straight trend. Tes eee 
segments of the range front fault systems are inter- 
rupted serate fault patterns involving faults which 
trend obliquely across the ranges. 

6) Major strike-slip faults trending northwest 
are probably present about 50 miles apart through- 
out the region. The Walker Lane is the best chee 
mented of these trends, which appear to have ef- 


fected the location of the ranges or to have offset 
them. 


The ranges and valleys of western Utah and Ne- 
vada are considered typical of the Basin and Range 
Province and have been compared with tilted fault 
block structures in Arizona, New Mexico, Texas, and 
northern Mexico. The physiographic similarity is 
real and may be related to a similarity of climate 
throughout this region since Cretaceous time. The 
structural similarity may be coincidental or, since 
the pre-Tertiary tectonic histories of the areas are 
quite different, it may indicate that the tilted fault 
blocks are Tertiary phenomena independent of pre- 
vious tectonics. 

Northward, tilted fault blocks are recognized in 
Oregon, Idaho, Montana, and Canada. Possibly a 
belt of these structures is parallel to the outside of 
the Circum-Pacific belt, but it is not recognized as 
such because of more intense pre-Tertiary deforma- 


tion of less distinctive rock units. Exterior drainage 
has excavated the valleys, and the moist climate 
supports abundant vegetation. Both factors also add 
to the disimilarity with the arid areas of the Basin 
and Range Province. 

The various tectonic phases and trends through the 
province appear to exert a primary control on the 
distribution pattern of various types of ore deposits. 
Further study of the intrusives and volcanics, 
especially geochemical age determinations, will 
greatly aid in delineating the trends, belts, and geo- 
logic history. Gravity studies appear to be a very 
useful method of determining configuration of the 
pre-Miocene rocks beneath the valley floors. Holes 
drilled in the valley will prove the accuracy of the 
gravity interpretations. It is reasonable to assume 
that additional ore deposits and oil accumulations 
are present beneath the valleys, and an ability to 
predict sub-valley geology will make it possible to 
find them. Much detail and regional geology will 
have to be done before the tectonic history of the 
province is completely and accurately known. 


Sincere appreciation is expressed to the many 
geologists who have contributed to the geologic data 
used herein, especially to J. A. Peterson, R. H. Dott, 
Jr., and R. J. Roberts, who read the paper and sug- 
gested improvements. 
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PRODUCTION OF SELF-FLUXING PELLETS 
IN THE LABORATORY AND PILOT PLANT 


tudents of the modern blast furnace seem unani- 

mously agreed that they are observing a major 
revolution in practice. Rather than changing con- 
struction and operation of the furnaces, most of the 
great advances now under way deal with the raw 
materials feed. Prepared burdens have gained in- 
creasing significance during recent years. Sizing, 
concentration, and agglomeration have all become 
bywords to greater production and reduced operat- 
ing costs. 

The remarkable results with test furnaces in 
which self-fluxing sinter makes up part or all of the 
ore charge foretell even greater improvements. 
Other investigators have reported many of these 
advances, and it is enough to predict here that more 
and more operators will turn to the use of self-flux- 
ing sinter. 

This change in the operator’s requirements comes 
at a time when one major section of the iron ore 
regions, the Mesabi, is finding it difficult to main- 
tain, let alone improve, the tonnage and grade of its 
shipping product. To meet the new demands with 
respect to quality and structure, the iron ore pro- 
ducers of this area turned first to screening, crush- 
ing, and concentrating intermediate ores. More re- 
cently, declining higher-grade reserves have led to 
multimillion-dollar investments in plants to treat 
the low-grade magnetic taconites.” ° 

To yield a suitable concentrate, the Minnesota 
magnetic taconites must be ground to about 80 pct 
through 325 mesh, too fine to be charged directly to 
the blast furnace or to make acceptable feed to the 
sinter strand. The pelletizing process was developed 
to meet the structure requirements laid down by the 
blast furnace operators. 

Taconite producers are succeeding in their efforts 
just when the attention of the blast furnace man is 
being drawn to the great advantages of self-fluxing 
sinter.® 

The taconite operators are ready with an al- 
ternative. Why not produce self-fluxing pellets? At 
the Hibbing laboratory of Pickands Mather & Co., 
where much of the early work was done that led 
to Erie Mining’s 7.5-million ton taconite plant at 
Hoyt Lakes, Minn., preliminary investigations have 
been made. 

Present Taconite Operations: Details of this work 
will be clarified by a brief review of agglomeration 
practice in commercial taconite plants. After the 
taconite has been ground to about 80 pct through 
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325 mesh to liberate the magnetite grains, the ore 
is concentrated on magnetic separators, thickened, 
and filtered to about 10 pct moisture. This struc- 
ture and moisture fit in closely with the conditions 
required to produce good balls. It has been found 
with taconite concentrates that at least 60 pct of the 
feed to the balling drum must be —325 mesh to ob- 
tain good ball compaction within reasonable time. 
The filter cake moisture usually permits a slight 
water addition at the balling drum, and further ball- 
ing control is obtained by adding about 12 lb of 
bentonite and 1% lb of soda ash per dry short ton 
of concentrate. These additives, and occasionally 
small quantities of fine coal, are thoroughly mixed 
with the filter cake ahead of balling. The swelling 
property of bentonite improves the green and dry 
strength of the balls so they can be handled without 
breakage until they are fired. Soda ash is added for 
pH control to insure maximum performance of the 
bentonite, and coal is added for more heat in the fir- 
ing process when required. 

The balls, normally %¥g to 1-in. diam, are brought 
to a temperature of 2350° to 2500°F in the indurat- 
ing furnace. Heat for this process comes from three 
sources: 1) fuel burned in the combustion chamber, 
2) oxidation of the magnetite concentrates to hema- 
tite, and 3) coal added to the balls. 

Pellet strength is developed by grain growth and 
bridging and, if enough slag-forming constituents 
are present, by slag bonding. Conversion to hematite 
is usually close to 100 pct in the fired pellets. 

Batch Test Procedures: Initial studies of self-flux- 
ing pellets were made by producing balls on a batch 
basis under carefully controlled laboratory condi- 
tions. The 1-in. balls, uniform in size, were fired in 
an oxidizing atmosphere in a standard laboratory 
muffle furnace. The firing procedure consisted of 
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Fig. l1-The effect of the dolomite or limestone addi- 
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drying 20 balls at 240°F for 24 hr in a constant- 
temperature ventilated oven, then transferring them 
to the muffle furnace at the Same temperature, The 
furnace was then brought up to the desired firing 
heat over a 4-hr period, held at that temperature 
for 1 hr, and allowed to cool to 500°F or lower be- 
fore the fired pellets were removed. 

Quality Tests: If a ball is to withstand the rigors 
of mechanical handling and thermal shock before 
and after being introduced into an agglomerating 
furnace, it must meet certain minimum strength re- 
quirements. Three tests have been standardized for 
comparative evaluation of these properties. The drop 
test consists of individually dropping ten newly 
made balls onto a steel plate from a height of 18 in. 
The average number of drops the balls withstand 
before breaking is referred to as the drop number. 
Ten more green balls are subjected to a graduated 
compressive force on a Dietart core testing machine 
to obtain green compressive strength. Another ten 
balls are dried in a ventilated oven for 24 hr, then 
tested on the Dietart machine to determine their 
dry compressive strength. To meet commercial re- 
quirements, the balls must pass all three tests. 

Ban and Erck* have described three methods that 
are now accepted standards for evaluating small 
quantities of fired pellets—the compression test, the 
tumble test, and the drop test were all used in vari- 
ous phases of this work. The tumble test was varied 
for evaluation of pilot plant products where larger 
quantities of pellets were available, to conform to 
that currently in use at the Erie taconite plant. This 
is based on the ASTM standard coke test, with 
modifications to meet the specific requirements for 
evaluating pellets. 

The sample for this test consists of pellet material 
remaining on a 3-mesh (0.263-in.) screen, with any 
fused cluster eliminated. 


1) A 25-lb (11,320-g) dry sample of + 3 mesh 
is used. 

2) This sample is tumbled in an ASTM coke 
tumbler for 200 rev at 24 rpm. 

3) The tumbled pellets are hand-screened on a 
3-mesh screen. 

4) Material passing through 3 mesh is screened 
on a Rotap for exactly 3 min with a Tyler 10-mesh 
screen. 

5) The percent + 10 mesh is reported as the 
tumble index. 


An average tumble index of 85 is considered good 
for production pellets. The specific gravity of the 
pellets was determined by the displacement-in-mer- 
cury method. The apparent specific gravity of the 
pellet, including voids, is recorded. 

Quantity and Structure of Fluxstone: Parallel 
tests with limestone and dolomite revealed a slight 
advantage in using dolomite in self-fluxing pellets. 
Fig. 1 shows comparable fired compressive strengths 
of pellets made with varying quantities of both. 

Many earlier investigations of the use of additives 
in pelletizing had indicated that neither dolomite 
nor limestone would effectively replace bentonite. 
At no time, however, had these materials been used 
in the large ratios that would be required to pro- 
duce self-fluxing, so a series of tests were conducted 
in which —100 mesh dolomite was used in varying 
quantities, without other additives, with the results 
shown in Table I. It will be noted that no ratio of 
dolomite tested gave anywhere near the minimum 
green and dry compressive strengths desired. This 


Table |. Pellet Quality vs Dolomite Addition. 
No Other Additives 


Compression Tests 
Dolomite 


Added, Drops 240°F, 2350°F, 
Test Lb Per Ton Tests Green Dry Fired 
1 25 3.0 5.71 3.20 1724 
2 50 3.8 5.87 4.68 1925 
3 lee 4.0 5.81 5.56 1600 
4 100 4.2 5.90 4.99 1456 
i] 125 4.0 5.97 4,14 1407 
6 150 4.1 5.93 4.24 1336 
if 200 3.7 6.06 4.02 1279 
8 250 3.4 5.78 4.68 1229 
9 300 3.6 5.90 4.05 1157 
10 350 2.9 4.93 4.55 1143 
11 400 3.3 5.28 4.74 1136 
12 450 3.1 5.18 4.49 1093 
13 500 2.9 5.34 4.55 1093 
14 550 2.9 5.28 4.65 1057 
Minimum 5.0 12.00 30.00 1500 


Table II. Pellet Quality vs Dolomite Addition. 
Other Additives Standard 


Additive, Lb Per Ton Compression 

Ben- Soda Dolo- Drop 240°F, 2350°F, 
Test tonite Ash mite Tests Green Dry Fired 
Minimum — — — 5.00 12.0 30.0 1500 
Standard a2 1.5 — 6.30 13.6 58.7 2500 
1 12 US, 25 7.60 13.50 46.91 3888 
2 iz 1.5 50 8.70 13.41 47.37 4153 
3 12 Es 75 9.20 14.35 47.51 4389 
4 12 1.5 100 8.90 13.63 47.67 4458 
5. 12 1.5 125 9.20 13.66 46.88 4319 
6 12 1.5 150 9.70 12.91 46.51 3764 
7 12 5 175 9.70 13.13 45.47 3667 
8 a2 15. 200 9.20 13.19 45.84 3667 
9 12 1e5 225 9.20 12.81 45.01 3306 
10 12 15 250 9.20 12.75 44.92 2903 
11 12 15 275 8.80 12.62 43.73 2667 
12 12 1.5 300 8.60 12.69 43.89 2317 
13 12 1.5 325 8.40 12.50 43.90 2113 
14 12 iP) 350 8.40 12.53 43.96 2088 
15 12 1.5 375 7.40 12.81 43.89 2017 
16 12 2:5: 400 7.40 12.84 43.99 2000 
17 12 1.5 425 7.40 12.28 43.83 2044 
18 12 1.5 450 6.90 12.21 43.48 2194 
19 12 1.5 475 6.80 11.99 43.49 2267 
20 12 1.5 500 6.60 11.89 42.77 2494 
21 525 6.00 11.88 41.03 2625 
22 12 1.5 550 5.60 11.84 40.54 2758 


was as expected, and in all subsequent work the 
standard amounts of bentonite and soda ash were 
added. 

With the standard additives included the green, 
dried, and fired balls showed acceptable strengths 
with any quantity of dolomite within the range 
tested. However, as Table II shows, maximum dry 
and fired strengths occurred with an addition of 
75 to 100 lb. 

The higher compressive strength in Table II, as 
compared with that in Table I, is attributed to the 
bentonite and soda ash additions. These additives 
contribute to the fired strength partially by their 
chemical characteristics, but mostly because of im- 
proved compaction on balling. 

All pellets with fluxstone additions, within the 
range tested, had an average apparent specific 


Table III. Influence of Dolomite 


Additives, Lb Per S.T. Compression 


240°F, 2350°F, 


Test Dolomite Ben- Soda Dolo- Drop 
Dry Fired 


No. Structure tonite Ash mite Test Green 


1 —14M 12 1.5 350 8.5 12.28 40.04 1495 
2 — 28M 12 1.5 350 8.5 12.35 41.20 1643 
3 — 65M 12 1.5 350 8.6 12.52 43.14 1894 
4 — 100M 12 1.5 350 8.7 12.53 43.96 2088 


A, ry 


gravity of 3.85 to 4.0, 0.1 to 0.25 points higher than 
that normally obtained with standard laboratory 
pellets. Extensive shrinkage was obvious on visual 
examination. 

It was found, as reported in Table III, that the 
finer the dolomite was ground, within the limits 
tested, the higher the quality of the balls produced, 
as indicated by the important dry and fired strength 
classifications. The work that followed was, there- 
fore, based on these premises: 


1) That —100 mesh dolomite be used. An even 
finer size might show some advantages but was not 
considered since it would be difficult to obtain or 
produce should a commercial application result. 

2) The fluxstone should be added in such amount 
that the bases would about equal the acids in 
the final product. In this case it will be noted that 
the addition required was at the lowest point on 
the fired compressive strength curve (Fig.1). 


The structure and chemical analyses of the con- 
centrates and dolomite used in the subsequent 
batch and pilot plant tests are shown in Table IV 
and V. 


Table IV. Screen Analysis of Raw Materials 


Product Size, Mesh Concentrate, Wt Pct Dolomite, Wt Pct 


+28 0.08 = 
+35 0.08 0.08 
+48 0.08 0.16 
+65 0.31 1.17 
+ 80 0.08 0.86 
+100 0.15 1.25 
+150 0.38 3.21 
+200 3.30 7.99 
+325 11.67 19.73 
— 325 83.87 65.55 
Total 100.00 100.00 


Table V. Chemical Analysis of Raw Materials 


Assay, Pct 
Ig. 
Product Fe P SiO Mn Al CaO MgO iS) Loss 
Concen- 64.91 0.006 7.98 0.26 0.18 0.31 0.19 —_— —_— 


trate 


Dolomite 0.99 0.011 1.30 0.03 0.60 29.46 20.35 0.009 46.90 


Mineralogy and Structure of Fired Pellets: With 
350 lb of dolomite per dry short ton of concentrates, 
plus the regular additives, balls were made and fired 
at chamber temperatures of 1800° to 2350°F in the 
muffle furnace. The balls were then sectioned and 
polished following the procedure described by Cooke 
and Ban.’ Fig. 2 shows that at 1800°F the calcined 
dolomite particles still retain their identity though 
in a loosely consolidated state. The magnetite has 
been converted to hematite, and the quartz grains 
are readily indentifiable. What little gain in strength 
the pellets have comes from some slight indications 
of bridging between hematite grains. Macroscop- 
ically, these pellets are reddish gray, speckled with 
dots of dolomite residue. 

At 2000°F the pellets are reddish brown with many 
white dots of dolomite residue still in evidence, al- 
though these are not quite so common as at the lower 
temperature. Physical strength is still poor. As shown 
in Fig. 3, the calcined dolomite is the dominating 
feature. The quartz grains still retain their identity 
with some evidence of slagging in areas adjacent 
to dolomite particles. It is interesting to note that 
MgO from the dolomite has started to react with 
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the adjacent hematite grains to produce magneslo- 
ferrite. Both bridging and slag bonding have con- 
tributed to the strength of these pellets. 

Pellets fired at 2150°F are reddish blue, with a 
very few white specks of dolomite residue. They 
show considerably improved physical properties. 
The typical section in Fig. 4 shows that the slagging 
constituents have reached a semifiuid to fluid state 
and that slag bonding is common. Small particles of 
hematite are closely grouped in the slag and tend 
to seek a spherical shape due to surface tension. 

At 2350°F the pellets are steel blue, and no 
evidence of the dolomite is visible to the naked eye 
(Fig. 5). The pellets possess excellent mechanical 


Fig. 2—Section of pellet containing 350 lb of dolomite 
per ton, fired at 1800°F. The white is hematite, the 
light gray is residual dolomite, and the dark gray crys- 
tals are quartz. Voids are filled with plastic. X350. 


Fig. 3—Section of pellet similar to that shown in Fig. 
1, fired at 2000°F. Note intrusion of magnesioferrite 
into hematite grains adjacent to the dolomite. X350. 


Fig. 4—Section of pellet similar to the one shown in 
Fig. 2, fired at 2150°F. A slag bond has formed be- 
tween some of the groups of hematite grains. X350. 


Fig. 5—Section of pellet similar to the one shown in 
Fig. 2, fired at 2350°F. Slag forms a continuous net- 
work surrounding the growing hematite grains. X350. 


Fig. 6—A pellet that is fired at 2350°F without the ad- 
dition of dolomite shows grain growth, bridging, and 
complete conversion of magnetite to hematite. X350. 


Fig. 7—This section shows a pellet fired at 2350°F con- 
taining 550 Ib of dolomite. Gray grains are magnesio- 
ferrite. The mechanism of grain growth is clearly il- 
lustrated. Note the curved faces of some hematite grains 
which have been excavated by the rotation of the adja- 
cent growing crystals, as indicated by A and B. X350. 


Fig. 8—Pellet produced from specular hematite plus 
350 lb dolomite. Gray areas are magnesioferrite. X350. 


Fig. 9—This pilot plant pellet, containing 350 lb of 
dolomite, was fired at a combustion chamber temperature 
of 2000°F without coal. X350. 


Fig. 10—This pilot plant pellet, similar to the one 
illustrated in Fig. 8, was fired at a combustion chamber 
temperature of 2000°F with 20 Ib of coal. X350. 


Fig. 11—This pilot plant pellet, which is similar to 
the one in Fig. 9, was fired at a combustion 
chamber temperature of 2100°F with 20 lb of coal. X350. 
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properties. They have shrunk considerably more 
than those fired at lower temperatures or pellets 
without dolomite fired at the same temperature. 
Under the microscope they show a continuous sili- 
cious slag network similar to that described by 
Cooke and Ban for pellets fired in a neutral atmos- 
phere at 1200°C (2192°F).° Voids are larger but 
fewer in number. Freedom of movement of the 
hematite particles through the large volume of slag 
has led to formation of clusters of large grains at 
the expense of the smaller ones. Slag bonding has 
replaced bridging as the major source of pellet 
strength. 

Formation of Magnesioferrite: Pellets produced 
from magnetic taconite concentrates and fired in 
the manner described are usually almost completely 
oxidized to hematite. Examination of the series of 
pellets to which 350 lb of dolomite had been added 
showed that as the temperature of firing was raised, 
the percent magnetics increased. Results of Davis 
magnetic tube tests on crushed fired pellets from 
this series are shown in graphic form in Fig. 12. The 
percent magnetics also varies with the quantity of 
dolomite added, as shown in Fig. 13. 
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Fig. 12—Percent magnetics vs firing temperatures. 
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Fig. 13—Percent magnetics vs quantity of dolomite added. 


The varying magnetic fraction can be explained 
as follows: 


1) In the presence of available MgO, hematite 
at elevated temperatures easily forms a magnesio- 
ferrite spinel in accordance with the following equa- 
tion: MgO + Fe.O, > MgO - Fe.O;. Magnesioferrite is 
strongly magnetic and in polished section cannot 
be distinguished from magnetite, since both are iso- 
metric and isotropic. 

2) In pellets made from magnetite concentrates, 
where only part of the magnetite has oxidized to 
hematite, a spinel-type mineral will form in the 
presence of magnesium oxide, the composition of 


50 


which is (Fe*t,Mg*t)O.Fe.O;. This mineral is also 
magnetic, isometric, and isotropic. 

Table VI shows that the amount of ferrous iron, 
as well as the total magnetics, varies with both the 
firing temperature and the amount of dolomite addi- 
tion. It seems probable that this is related to the for- 
mation of (Fe*t,Mg**)O.Fe.O, together with possibly 
a small percentage of residual magnetite. 


Table VI. Magnetic Tube Tests on Fired Pellets 


Description Pellet Tube Concentrate 

Dolomite Firing Fer- Fer- 
Added, Lb Temp, Total rous Total rous 

Fig. Per S.T. oF Iron Iron Wt, Pct Iron Iron 
1 350 1800 56.34 0.17 1.65 56.71 0.44 
2 350 2000 56.63 0.21 9.35 57.22 0.50 
3 350 2150 56.84 0.33 22.40 56.67 0.66 
4 350 2350 56.67 3.51 43.65 56.38 7.36 
5 None 2350 61.58 0.39 0.46 65.46 15.63 
None 100 2350 60.91 0.70 2.00 60.12 1.57 
4 350 2350 56.67 3.51 43.65 56.38 7.36 
6 550 2350 55.51 6.85 65.64 55.13 10.07 
9* 350 2350 57.88 0.16 63.73 56.17 0.16 


* Pellets made from specular hematite. 


This phenomenon was examined further by the 
production of a batch of pellets from specular hema- 
tite concentrates following the same procedure used 
in producing balls from the magnetite concentrates. 
Tube tests recovered 63.73 pct of the weight of 
these pellets as magnetic. Since there was little if 
any magnetite available, MgO.Fe.0, was formed 
rather than the more complex spinel. The small 
percentage of ferrous iron in these pellets would 
tend to substantiate this conclusion. Fig 8 shows 
a typical section of one of these pellets and the large 
proportion of magnesioferrite present. 

These findings are reported only as a matter of 
interest. There is no basis for believing that the 
presence of magnesioferrite will interfere with the 
acceptability of self-fluxing pellets to the blast fur- 
naces. 

Pilot Plant Tests: Batch tests find their ultimate 
value when they supply information that is useful 
in operating a pilot or production plant. Pilot plant 
tests were the next logical step in this investigation. 

Several tons of dolomite were crushed and wet- 
ground to the structure shown in Table IV. All 
pilot plant tests were run using 350 lb of dolomite, 
plus the standard 12 lb of bentonite and 1.5 lb of 
soda ash per dry short ton of commercially pro- 
duced taconite concentrates. During the first three 
tests, fine anthracite coal was also added at 20 lb 
per ton. 

A balling drum 3 ft diam by 8 ft long and 
a shaft furnace 30 in. diam by 18 ft high were 
used for pilot plant agglomerating at a feed rate of 
about 0.6 LTPH. As DeVaney has detailed the design 
and operation of the modern shaft pelletizing fur- 
nace,” comments here will be confined to results 
from the four pilot plant tests. 

These tests were directed toward determining the 
optimum feed rate and temperature conditions at 
which pellets of satisfactory quality would be pro- 
duced. Past experience with magnetic taconite con- 
centrates had shown that at a feed rate of 0.6 LTPH 
a combustion chamber temperature of 2300°F would 
produce an excellent fired pellet without the addi- 
tion of coal. Taking into consideration the added 
heat requirements for calcining the dolomite and 
the loss per ton in heat of oxidation of the mag- 
netite that was being replaced by dolomite, it was 
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Table VII. Pilot Plant Operating Data 


Combustion Coal T 
otal BTU Con- 
Chamber Addition, sumption Per 
oO. Temperature, °F Lb Per Ton Ton of Product 


1 2300 20 1,219,800 
2 2100 20 "990,200 
3 2000 20 921,600 
4 2000 None 824.600 


calculated that about 20 lb of anthracite fines should 
be added to each ton of concentrate. The heat in- 
put was varied from this point downward as shown 
in Table VII. It should perhaps be re-emphasized 
here that the temperature of the combustion cham- 
ber is not a measure of the temperature in the in- 
durating zone of the shaft. The temperature of the 
indurating zone will be considerably higher owing 
to heat from the coal and oxidation of the magnetite. 

The first test was abandoned when it became 
obvious from furnace operation and the clusters of 
fused pellets being discharged that the heat input 
was too high. The combustion chamber temperature 
was dropped to 2100°F, and test No. 2 was conducted 
without difficulty. For tests 3 and 4 the combustion 
chamber temperature was 2000°F. Coal was added 
for test 3 but not for test 4. 


Table VIII. Physical Properties of Pilot Plant Pellets 


Test 
No. Description Tumble Index Sp Gr 
2 2100°F with coal 95 3.94 
3 2000°F with coal 93 3.74 
_ 2000°F without coal 91 3.63 
Standard 85 3.67 


Table VIII shows the results of tumble and spe- 
cific gravity tests on samples from each of the last 
three runs. The higher specific gravity of the pellets 
produced in test 2 must be a measure of greater slag 
fluidity permitting more rapid grain growth and 
pellet size shrinkage. The higher tumble index bears 
a similar significance. This relationship is even more 
obviously established when the pellet sections are 
examined under the microscope (Figs. 9-11). 

Reducibility tests were run on the pellets pro- 
duced in tests 2-4, using the loss-in-weight method 
developed by the USBM in Minneapolis.’ Results are 
shown in Table IX, together with those of a parallel 


Table IX. Reduction Time for Self-Fluxing Pellets 


Test No. 2 Test No. 3 Test No. 4 2300°F 
Time, 2100°F 2000°F 2000°F Standard 
Min With Coal With Coal Without Coal Pellets 
5 24.95 17.57 12.67 17.44 
10 39.01 30.39 29.16 28.31 
15 51.30 40.41 42.36 38.19 
20 59.91 47.44 49.48 47.89 
25 65.36 51.48 57.29 55.96 
30 72.92 58.51 63.88 62.38 
35 78.54 63.60 70.31 70.94 
40 84.69 = 76.38 — 
45 = 72.04 80.38 80.98 
50 91.54 — 
55 = 76.96 87.67 90.86 
60 94.53 — — = 
65 = 82.23 92.01 95.79 
70 94.70 — — = 
75 = 85.74 94.96 97.44 
80 94.70 — 
85 = 87.49 95.31 97.44 
94.70 = 
89.61 95.48 97.61 
110 90.49 97.77 
120 96.46 — = = 
130 — 91.01 


test on regular pellets from a commercial plant. 
Self-fluxing pellets appear somewhat slower to re- 
duce, which can no doubt be attributed to the seal- 
ing off of some areas by the slag bond and possibly 
to slower reduction of the magnesioferrite. It seems 
doubtful, however, that reducibility tests give the 
full picture of the relative value of these products in 
the blast furnace. The pre-calcining of the fluxstone 
and its intimate distribution throughout the charge 
would appear to be more important factors. 

The chemical analysis of the pilot plant product 
is shown in Table X. 


Table X. Chemical Analysis of Fired Pellets 


Assay, Pct 


Fer- Fer- 
Test rous ric 
No. Description Iron [ron  TIron 12 Si02 Mn CaO MgO 


2 2100°F, with 58.16 0.65 57.51 0.006 7.65 0.23 4.30 2.52 


coal 

3 Se 58.16 0.64 57.52 0.006 7.68 0.23 4.37 2.51 
coa 

4 2000°F, with- 58.14 0.66 57.48 0.006 7.66 0.23 4.28 2.55 
out coal 


SUMMARY 


Batch and pilot plant tests have provided enough 
background information to permit operators of com- 
mercial plants to proceed with confidence to produc- 
tion of self-fluxing pellets. Some precautions will 
have to be observed to avoid high pelletizing tem- 
peratures, since the large volumes of slagging mate- 
rials present could quickly form chunks or wall 
build-up in the unsuspecting operators’ furnace. 
The type of internal bond is different from that ob- 
tained in the present product but should provide 
satisfactory resistance to mechanical destruction. It 
is probable that an acceptable pellet strength will be 
obtained at lower furnace-operating temperature 
than that currently being used in commercial plants. 

Within recent months producers have sent out 
several shipments of self-fluxing or flux-added pel- 
lets. Blast furnace results have not yet become 
available. It seems reasonable to predict, however, 
that self-fluxing pellets will show the same degree 
of improvement over regular pellets that self-flux- 
ing sinter has shown over regular sinter. 


The authors are indebted to S.R.B. Cooke, who 
materially assisted with some of the technical prob- 
lems: M. H. Childs, who prepared the specimens and 
photomicrographs; W. R. Van Slyke, who read the 
manuscript; and those at the U. S. Bureau of Mines 
in Minneapolis who conducted the reducibility tests. 
They also express appreciation to Pickands Mather 
& Co. for permission to publish these findings. 
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GEOLOGIC SETTING OF THE NICKEL 
OCCURRENCES ON JUMBO MOUNTAIN, 


WASHINGTON 


n 1956 the discovery of nickel on Jumbo Mountain, 

Snohomish County, Washington, focused attention 
on this part of the Cascade Range, far more re- 
nowned for its timber than for its mineral resources. 
Hand specimens assaying as high as 13 pct Ni en- 
couraged Discovery Mines Inc. of Mount Vernon, 
Wash., to stake 12 claims in Township 31 North, 
Range 9 East of the Willamette Meridian. The prop- 
erty was leased to Climax Molybdenum Co. in Jan- 
uary 1957. Trenching, sampling, and geologic studies 
were carried out during the late summer of 1957 
when most of the snow had disappeared. Although 
the deposits are only about four miles south of the 
logging town of Darrington and about two miles, 
as the crow flies, southeast of the end of a good 
gravel road from that town, all camp supplies and 
equipment were air-dropped, owing to the ex- 
tremely rugged nature of the terrain. 


GEOLOGY 

The rocks of Jumbo Mountain comprise a series 
of folded Tertiary sediments forming a belt one half 
to three quarters of a mile wide, trending north- 
west about parallel to the strike of the beds. This 
belt is sandwiched between two extensive in- 
trusives—gabbro on the northeast and quartz dio- 
rite on the southwest—and has been intruded by 
dikes of fresh and serpentinized dunite. Shear zones 


J. W. MILLS is Associate Professor, Department of Geology, 
Washington State University, Pullman, Wash. TP 591227. Manu- 
script, April 6, 1959. Pacific Northwest Regional Conference, Spo- 
kane, Wash., April 1958. AIME Trans., Vol. 217, 1960. 
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follow many of the dunite-sedimentary rock con- 
tacts, and in these the nickel mineralization is con- 
centrated. A few transverse faults offset the sedi- 
ments and ultrabasics. 

Sedimentary Rocks: Two kinds of quartzite make 
up the greater part of the sedimentary section. One 
is dark purplish gray, very fine-grained, and thin- 
bedded; the other is light gray to white, medium- 
grained, and well-bedded. Locally the light-colored 
quartzites contain grit and conglomerate horizons, 
rich in pebbles of white chert and very fine-grained 
quartzite. Intercalations of dark argillites near the 
summit of the mountain give many of the cliffs a 
striking banded appearance. Dark gray to black, 
aphanitic, thin-bedded argillites occur throughout 
the entire sedimentary belt. Beds vary from a few 
inches to a few tens of feet thick and some, near 
the summit, contain numerous fossile (willow?) 
leaves. Only the thicker beds were mapped. 

The sediments are quite fresh on the northeastern 
side of the belt and become more metamorphosed 
(hornfelsed) toward the southwestern side. Brown 
biotite is present in the metasediments in increas- 
ing amounts as the quartz diorite is approached. 
Near the intrusion, porphyroblasts of plagioclase, up 
to 1 in. across, testify to the soaking of sedimentary 
rocks by solutions emanating from the quartz dio- 
rite. 

Most of the sediments mapped lie along the south- 
western limb of an anticline, the axis of which fol- 
lows the crest of the mountain and plunges at a low 
angle to the northwest. 
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Fig. 1.—Geologic plan of Jumbo Mountain. 


Vance’ correlates the sediments of Jumbo Moun- 
tain with the Swauk formation and points out: 


The Swauk formation... is part of a long, 
narrow north-northwest-trending belt of con- 
tinental sediments extending over 50 miles 
with several gaps from the type area south of 
Mt. Stuart to the present area, thence almost 
50 miles farther with a few more breaks to 
the Bellingham area where the same unit has 
been called the Chuckanut formation. ... The 
Swauk appears to owe its preservation in this 
narrow belt to faulting and in part to sharp 
downfolding. 


Ultrabasic and Basic Igneous Rocks: Intrusive into 
the sediments are numerous dikes of fine-grained, 
black to grayish green, coarse-grained dunite, com- 
posed almost entirely of iron-poor olivine or its 
alteration products, talc, tremolite, and serpentine. 
Commonly the rock weathers a_ characteristic 
orange-brown color. Dikes vary from a few feet 
wide and a few hundred feet long to great tabular 
bodies several hundred feet wide and miles long. 

Within the map area there are three large per- 
sistent dikes of dunite, all striking about parallel to 
the sedimentary rocks. The eastern one was not 
mapped in its entirety; it lies to the east of the 
fold axis and dips southwesterly directly across the 
sedimentary beds. This dunite dike is fine-grained 
and dark green-gray to black. It contains abundant 
tale and serpentine, together with less than 1 pct of 
exceedingly small pyrrhotite grains. Although the 
dike is quite schistose, especially along its margins, 
no promising nickel mineralization has so far been 
found in it on this side of the mountain. The dike 
transects the folded early Tertiary sediments and 
is itself truncated to the northwest by the gabbro 
intrusive. 

The other two major dikes, lying southwest of 
the anticlinal axis, strike and dip about parallel to 
the sediments, though locally they cut across the 
bedding at low angles. They differ in size but are 
quite similar in other respects—characteristically 
they are somewhat darker and finer-grained along 
the margins than at their centers, invariably they 
contain a sprinkling of very small pyrrhotite grains, 
and frequently they are crisscrossed by thin films of 


crystalline talc. Locally, they are schistose for a 
few feet from their contacts, and it is these schistose 
zones which are mineralized with pyrrhotite and 
pentlandite. The dikes die out along the strike and 
up and down the dip by branching and intertongu- 
ing with the sediments. 

The southwest dike, the smaller of the two, 
pinches out to the southeast just a few feet from 
the summit, cropping out again on the southeast 
(unmapped) side of the mountain at about the same 
elevation. The implication is that this and probably 
other dunite bodies are tabular-lenticular branch- 
ing bodies which, like the folds, have low angles of 
plunge. 

The central portion of the dunite dike that lies 
south of the gabbro intrusive is exceedingly coarse- 
grained. Differential weathering has removed the 
finer-grained matrix and left striking euhedral crys- 
tals of olivine, up to an inch long, projecting from 
the weathered rock surface. 

At least locally and to a minor degree, all the 
dikes show alteration of the dunite to serpentine. 
This is more pronounced along the borders where 
schistosity has been developed. The area between 
the gabbro and the largest dunite dike is noteworthy 
for a volume of serpentine at least a mile long and 
more than 200 ft wide, composed entirely of glossy, 
moderately schistose serpentine. It is not known 
whether this rock is the product of dynamic meta- 
morphism of the dunite or the product of contact 
metasomatism by solutions that originated in the 
gabbro mass. 


Gabbro: The belt of sedimentary rocks on Jumbo 
Mountain is bordered on its northeast side by one 
or more basic intrusions. The northwest end of the 
mountain is made up of a green, medium to coarse- 
grained, massive gabbro. The truncation of the 
dunite dike and of the sediments at the south end 
of the gabbro body is interpreted as indicating a 
post-dunite and hence a Tertiary age for the gabbro. 
It has been intruded along the anticlinal fold axis. 

A thin section shows this rock to be composed of 
about equal amounts of rather basic (An 65) saus- 
suritized plagioclase and fibrous uralitic hornblende, 
with its alteration products, epidote, silica, and chlo- 
rite. Minor amounts of very fine-grained secondary 
silica and tale were visible under the microscope, as 
well as numerous grains of sphene and/or ilmenite. 


Acid Igneous Intrusives: Bordering the sedi- 
mentary belt on the southwest, and intruding into 


Fig. 2—Crest of Jumbo Mountain, looking southeast. 
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it, is a light-colored, medium to coarse-grained 
quartz diorite composed of plagioclase, hornblende, 
brown biotite, and minor quartz. This is the north- 
ern limit of a great stock, called by Vance’ “the 
Squire Creek Quartz Diorite,’”’ which occupies an 
area of some 30 sq miles. According to Vance, “the 
stock is a roughly elliptical body, the larger axis 
of which trends about N 30 W, approximately paral- 
lel to the structural trend of the adjacent country 
rocks.” He considers the stock “‘to be of igneous 
origin... indicated by the uniformity of the quartz 
diorite and by its universally sharp contacts... . 
Textures are dominantly magmatic.” Within the map 
area the stock probably dips at a very steep angle to 
the south. 

Light gray to white fine-grained aplite dikes are 
found cutting the quartz diorite and the metasedi- 
ments. Seldom more than a foot wide, these dikes 
cannot be shown on a map the scale of this study. 
The aplite is a differentiation product of the quartz 
diorite magma. 

Faults: The faults are either longitudinal or trans- 
verse. Longitudinal faults occur along and just 
within the borders of the dunite dikes; the schis- 
tosity, developed as a result of fault movement, is 
further discussed below. Transverse faults are 
characterized by narrow, clean-cut surfaces of dis- 
location which cut across the sedimentary belt, strike 
from east to a few degrees north of east, and dip 
steeply southeast. Two transverse faults have been 
recognized, each offsetting dunite dikes in the cen- 
tral part of the map area. The largest dunite dike 
has been offset at least a couple of hundred feet on 
the larger fault, the north side apparently having 
moved east. The actual net slip on the transverse 
faults is unknown. They contain no sulfide mineral- 
ization. 


NICKEL DEPOSITS 

In all three principal dunite dikes, minute dis- 
seminated grains of pyrrhotite are to be seen in the 
fresh rock in amounts less than 1 pct. Traces of 
nickel have been reported from many such speci- 
mens. Nickeliferous pyrrhotite is the principal 
nickel-bearing mineral, although olivine contains 
very minor amounts of nickel in solid solution, sub- 
stituting for magnesium and iron. Such occurences 
are of no economic significance. 

Nickel analyses of possible economic significance 
(up to 3 pct Ni) have been returned from samples 
taken near the margins of the two large western 
dunite dikes. These samples were from schistose 
zones along and within the dike walls. The min- 
eralized shear zones, up to 30 ft wide, strike N 30 W 
and dip from 65° to 90° west. They consist of layers 
of hard, fresh, green-gray dunite, mineralized with 
finely disseminated pyrrhotite. These layers alternate 
with layers of soft, black, oxidized schistose dunite 
up to 1 ft wide, well mineralized with pyrrhotite and 
pentlandite in crystals up to %4-in. 

iam. 


Sulfides identified in polished sections were 
chiefly pyrrhotite and pentlandite, with much 
smaller amounts of chalcopyrite. There are two vari- 
eties of pyrrhotite. One develops a fine polish and con- 
forms to published descriptions. The other is slightly 
darker and browner, does not polish as well, and 
displays flamelike growth or intergrowth structure 
when etched with nitric acid fumes. Pyrrhotite and 
pentlandite crystallized contemporaneously in the 
form of veins in the olivine and as fillings of the 
interstices of euhedral olivine crystals. Chalcopyrite 
replaces the other sulfides. 

The most striking feature of the deposits is their 
occurrence in intimately fractured and _ schistose 
zones in the dunite where faulting has been localized 
along the contacts of the sediments and the dunite 
dikes. Though far too little detailed work has been 
done to be certain, there appears to be a higher 
concentration of sulfides in the shear zones along 
the margins of dike apophyses, sediment reentrants, 
and strike and dip irregularities. 

Much more study would be required in order to 
submit a plausible theory of formation of the nickel 
deposits, supported by laboratory and field evidence. 
Results of the present study, especially localization 
of the metals by fracturing, certainly indicate that 
the nickel concentrations were brought about by 
precipitation of nickel sulfides from fluids that used 
the fractures as a means of ingress. Studies of nickel 
sulfide deposits throughout the world have demon- 
strated that such sulfides were deposited at con- 
siderable depths and at temperatures of several 
hundred degrees. This would rule out the possibility 
of groundwater as the transporting medium. The 
two possible sources of hot nickel-bearing fluids are 
quartz diorite and gabbro. The first possibility is 
that large volumes of fluids, expelled from the quartz 
diorite magma during its crystallization, obtained a 
supply of nickel by altering the nickeliferous olivine 
of the dunites. The likelihood of this process is less- 
ened by the recognition that, although the dunites 
show some alteration to serpentine, talc, and trem- 
olite, they are for the most part remarkably fresh 
outside the schistose zones. The worldwide associa- 
tion of nickel with basic rocks, together with the 
presence of pyrrhotite in thin films on joint planes 
of the gabbro on Jumbro Mountain, favors the gabbro 
source. 


The writer extends thanks to C. Phillips Purdy, 
Jr., project chief of American Metal Climax Inc., 
for giving him the opportunity to study these de- 
posits. He is also indebted to the officers of American 
Metal Climax Inc. and Discovery Mines Inc. for per- 
mission to publish this article. 
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DREDGING WITHIN THE LAW 


by ROBERT P. PORTER, RICHARD B. PORTER, and ROBERT A. LOTHROP 


G2. became necessary in dredging methods 
employed in Idaho through passage of the Dredge 
Mining Protective Act (1954). Among other provi- 
sions, the law requires dredge operators to construct 
settling ponds of sufficient capacity and character 
to reasonably clarify the water used in the mining 
process before such water is discharged into the 
stream. 

Porter Bros. Corp., a placer mining company with 
many years operating experience in Oregon and 
Montana, became interested in strategic mineral 
placers in Idaho in 1950 when it was learned that 
prospectors had discovered a radioactive mineral de- 
posit in Bear Valley Creek, 95 miles northeast of 
Boise. The company acquired mining leases and 
proceeded with exploration and development work 
on the property. After extensive research had re- 
sulted in the determination of successful separation 
processes, contracts were negotiated with the federal 
government and deliveries of columbium-tantalum 
and uranium concentrates commenced in 1956. 

The mining operations are located in a primitive 
area of Idaho among salmon spawning grounds 
and crystal-clear mountain trout streams. To avoid 
involvement in a very controversial issue, it ap- 
peared advisable for the company to develop water 
treatment procedures exceeding those requirements 
stated in the Idaho Dredge Mining Protective Act. 

Operation: The company operates one 6 cu ft con- 
tinuous bucketline dredge and one 4% cu ft continu- 
ous bucketline dredge on the property. The dredges 
are jig-equipped, with feed being screened to % 
in. by trommels. 

The screening and gravity concentration methods 
satisfactorily separate the heavy minerals from 
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companion clays, sand, and gravel. However, this 
separation of the heavy minerals requires water 
from the dredge pond with a minimum content of 
silt and colloids; therefore, water for dilution is 
added continuously to the dredge pond to suppress 
solids buildup. Discharge of this highly turbid water 
to maintain the proper pond level would ultimately 
result in an excessive silt load in Bear Valley Creek. 

To prohibit the turbid pond water from flowing 
directly into Bear Valley Creek, it was necessary to 
isolate the dredging area. Main by-pass canals were 
constructed along each side of the dredge pond and 
numerous secondary canals were dug for diverting 
seepage and snow runoff. One by-pass canal, extend- 
ing more than two miles along the west side of the 
valley, diverts the main stream as well as tributar- 
ies entering from the west; a canal east of the dredge 
area diverts streams entering from that direction. 

At the beginning of operations in 1956, the dredge 
pond effluent was filtered through tailings and set- 
tled by use of coagulents in a series of lagoons. The 
filtrate was then discharged directly into the stream. 
Although this procedure gave satisfactory results in 
conformance with the state law, ice buildup and 
lagoon freezing hindered the efficiency of the process 
during periods of low temperature. For this reason, 
testing began in 1956 on a water treatment process 
that would operate efficiently under the extreme 
weather conditions encountered in Bear Valley. 

Development of Water Treatment System: Porter 
Bros. Corp. established the following requirements 
for effective continuous treatment of dredge pond 
effluent to the stream which, at low flow conditions, 
effluent to the stream which, at low fiow conditions, 
would not result in a turbidity exceeding 25 ppm in 
the stream, 2) produce a sludge sufficiently dense to 
minimize disposal area requirements, 3) be semi- 
portable to follow dredge movements, 4) be cap- 
able of operating at low temperatures, and 5) be 
capable of handling a variety of capacities and 
turbidities. 


Several hundred sedimentation and flocculation 
tests were conducted at the University of Washing- 
ton by Mr. Robert O. Sylvester and Mr. Dale A. Carl- 
son to determine the most efficient reagents, equip- 
ment, and methods for treating the dredge effluent. 
To approximate water temperatures encountered in 
Bear Valley, most of the tests were performed in 
a cold room at 34°F. It was shown that the discharge 
from the dredge pond could effectively settled by 
use of Separan 2610, a product of Dow Chemical Co., 
as the flocculant and sulfuric acid as the electrolyte. 
A combination of ten parts acid to one part Separan 
would promote floc formation within 30 seconds. At 
the conclusion of the tests a treatment system was 
designed which, except for minur variations, em- 
ploys the basic procedures and reagents suggested 
by their investigations. 

Treatment System Components: The system con- 
sists of two main components: a highly efficient, 
semi-portable treatment unit and an appropriate 
sludge storage area. 

Two rectangular steel settling tanks were selected 
for the basic treatment unit. Each tank is 50 ft long, 
15 ft wide, and 11 ft high with three removable hop- 
per sections attached to one end. The tanks were 
set in line with the hoppers facing a 24 ft x 15 ft sec- 
tion housing the controls, pumps, and furnace. The 
entire unit is covered by a semi-circular roof and 
is insulated with glass wool covered by corrugated 
sheet steel. A continuous chain equipped with 2 in. x 
6 in. redwood flights spaced 5 ft apart and traveling 
at a variable rate of 2 to 5 fpm moves the sludge to 
the hopper end of the tanks from which it is ulti- 
mately transported to storage areas. 

Sludge storage areas were prepared above the 
water table by building enclosure dikes while 
leveling dredge tailings. These areas must be large 
enough to accommodate several hundred cubic 
yards of solids per day. Since air-drying of sludge 
reduces mud volume to a minimum with consequent 
extrusion of clear water, such water recovery is ac- 
celerated through the alternate use of several sludge 
ponds instead of only one pond. 

Treatment Process: Water from the dredge pond 
is continuously pumped through an 8 in. pipe to a 
point 200 ft from the treatment plant. Here the pipe 
size is increased to 10 in. to reduce flow-rate for the 
efficient mixing of reagents. 66° Baumé sulfuric acid 
is fed into the pipeline 100 ft from the tanks by a 
positive displacement proportioning pump with the 
Separan solution being introduced within a few feet 


Tailings being leveled during construction of sludge 
storage area. 4¥4 cu ft dredge may be seen in background. 
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Exterior view of treatment tanks during construction. 


of the treatment unit. The 0.1 pct Separan solution, - 
previously prepared in a 600 gal tank using com- 
pressed air for agitation, is further diluted to 0.01 
pet in an air-activated proportioning pump which 
delivers it directly into the pipeline. 

After floc formation and coalescence has occurred 
in the 10 in. pipe, the dredge pond effluent enters 
the tanks at the hopper end and passes under a verti- 
cal baffle which extends to within 5 ft of the base. 
Sludge depth is maintained at a height somewhat 
above the baffle bottoms so that all new material 
enters beneath a mud blanket which acts as a filter 
for rising clear water. The clarified water is then 
drawn off the tanks at a rate whicn will maintain 
proper sludge depth and is discharged either into 
the stream or recycled back to the dredge pond. 

The large volume of sludge produced by the unit 
is pumped by a rubber-lined sand pump through a 
6 in. plastic pipe to storage areas. Sufficient compac- 
tion of the sludge will have occurred within two 
hours to permit removal of 50 to 70 pct of the original 
volume as clear effluent. Further compaction will 
take place if the sludge is allowed to stand for 
longer periods, although the rate of compaction de- 
creases rapidly after 14 hours. The clear water from 
these sludge ponds, like the processed water from 
the treatment unit, can be either recycled or dis- 
charged into the stream. 

Recycling of all filtered water results in a con- 
siderable saving of reagents. Separan consumption 
has been reduced from 80 lb per day to 5 lb per day. 

However, acid requirement has been decreased 
by only 50 pct because a pH of 6 or higher must be 
maintained in the dredge pond to minimize corrosion 
of the steel dredge pontoons. Pond acidity is de- 
creased by replacing the removed mud volume with 
makeup water and, if necessary, by periodic addi- 
tion of lime. 

Separan requirements are directly proportional to 
the solids content which, in turn, is a function of the 
specific gravity. Acidity of the treatment plant in- 
flow must be maintained within a pH of 3 to 5 for 
efficient flocculation; therefore, the rate of reagent 
addition is easily determined by periodic checks of 
specific gravity and pH. 

Porter Bros. Corp.’s requirements for a water 
treatment process have been successfully fulfilled 
since the initiation of the present system. The water 
in Bear Valley Creek has been kept crystal-clear, 
and the beauty of the downstream fishing grounds 
has been preserved. 
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A-C POWER DISTRIBUT 
UNDERGROUND MINING 


Upper right: Surface substation. 


Lower left: Load center in coal mine. 


ION FOR 


by WILL B. JAMISON 


M an’s material advance from one level of civili- 
zation to the next has involved the development 
of new, more useful tools and the utilization of 
energy greater than he alone could produce. These 
two essentials for material progress have developed 
at an ever increasing rate in the last century. While 
the first really successful use of mechanical energy 
derived from burning fuel was in James Watt’s 
steam engine which pumped water from coal mines 
in Cornwall about 1770, there was still very little 
use of mechanical energy in mining by 1900 except 
for pumping and hoisting. Compressed air, having 
some of the characteristics of steam and which 
operated engines not unlike steam engines or steam 
hammers, powered the first attempts to mine coal 
with energy greater than human muscle could pro- 
vide. 

When direct current-powered traction cars re- 
placed horse-drawn transportation cars on city 
streets, it was natural that direct current locomotives 
should begin to replace animal and human power in 
mine haulage. Slowly, trolley and battery locomo- 
tives were developed and introduced. With d-c 
systems being established for haulage, it was natural 
that improved cutting machines should be developed 
and powered by d-c motors. Thus began the years of 
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slow development of cutting machines, larger loco- 
motives, loading machines, and finally the continu- 
ous miners. 

Over the years improvements that have taken 
place in equipment and methods have made d-c sys- 
tems reliable and efficient indeed. Still unexcelled 
for traction service, the d-c series motors have main- 
tained this power system as the one most preferred. 

However, the recent development and gradual 
acceptance of continuous mining machines has so 
emphasized the problems inherent in supplying large 
blocks of power from d-c systems that the advant- 
ages of an a-c supply for mining equipment can 
no longer be ignored. This fact is generally being ac- 
cepted even by those who intend to use rail haulage 
and must therefore continue to use d.c. 

The purpose of this article is to discuss the factors 
that should be considered in designing, operating, 
and maintaining a safe, adequate, and economical 
system for supplying a-c power to underground min- 
ing equipment. Application of a-c motors and control 
to special loads and requirements of various types 
of mining machinery has been discussed by others 
and will not be treated. 


SAFETY CONSIDERATIONS 


Fortunately the methods and equipment to obtain 
safety in an a-c distribution system have been 
available, used, and proven by many years of suc- 
cessful operation in the many electrified strip mines 
all over the world. The basic principles of such 
methods are these: 


1) Establishment and maintenance of an ade- 
quate and reliable ground. 

2) Limitation of the ground fault current to hold 
frame potential to a safe value. 

3) Adequate relays to detect ground faults, 
phase faults, and overloads; controlling ade- 
quate circuit breakers able to interrupt the 
circuit in trouble. 

4) Adequate disconnecting means so that the 
circuits can be de-energized for necessary 
moving and maintenance. 


Details of equipment necessary to satisfy these 
principles will be covered in discussion of the major 
equipment components to follow. The basic plan of 
the circuit is illustrated by Fig. 1, which shows a 
load being supplied by a transformer, equipped with 
a neutral, grounded through a ground fault current- 
limiting resistor R,. The value of this resistor R, is 
such that in the event of a solid ground fault, the 
current passing through the ground circuit will be 
limited to a maximum of 25 or 50 amp if the circuit 
carries the underground high voltage distribution at 
4160 v or 6900 v, or a maximum of 20 amp if the 
circuit is the utilization voltage, usually 480 v. The 
ground conductor is of adequate size to carry this 
current safely. The impedance of this ground con- 
ductor, shown in Fig. 1 as the lumped impedance Z,, 
should not exceed 2 ohms. With this scheme in the 
event of a ground fault, the maximum voltage that 
can occur from frame to ground is 100 v. This voltage 
would show on the voltmeter (V) and is the maxi- 
mum that could occur to shock a man touching the 
frame of the machine. While contact with 100 v can 
be lethal if the contacts to the human body are of 
very low resistance and the period of contact is 
relatively long, in actual practice contact to the ma- 
chine or ground is seldom solid and the duration of 
contact will seldom be long, as modern protective 


58 


PROS AND CONS 
OF A-C POWER 
A-C Permits— 


1) Higher electrical efficiency than is possible with 


2) Greater safety for personnel in properly engi- 
neered and maintained systems. 


3) Virtual elimination of cable and electrical fires 
on equipment. 


4) Lower initial cost for equipment. 


5) Lower maintenance cost and greater reliability of 
a-c motors and control. 


6) The ability to supply the demands of moderr. 
high-capacity equipment working in very concentrated 
operational units. 


7) Improved production resulting from better speed 
regulation of a-c motors. 


But— 


1) The torque of an a-c motor varies as the square 
of the input voltage; thus low voltage can make a-c 
equipment essentially inoperative. 


2) To a great degree, personnel safety is dependent 
upon maintenance of the integrity of the ground circuit. 


3) The greater number of conductors in a-c cables 
makes splicing and repair more difficult. 


4) If track haulage, utilizing d.c., is required, two 
voltage systems must be maintained. 


equipment will de-energize the circuit in a relatively 
few cycles. 

It is apparent that the integrity of the ground 
conductor shown in Fig. 1 is of paramount impor- 
tance for, if its impedance is appreciably greater than 
2 ohms, the voltage from frame to ground will be- 
come dangerous. A simple check circuit has been 
developed for use on high-voltage distribution sys- 
tems which will continuously measure the impedance 
of the ground conductor and, if it is found unsafe, 
trip the protective circuit breaker. This basic plan is 
shown in Fig. 2. In this sketch the power conductors, 
transformer windings, load limiting resistor, etc., 
shown in Fig. 1 are not repeated. Added to the cable 
is an insulated ground check conductor operated at 
essentially ground potential. A small d-c current 
from a low potential d-c source, usually a bridge 
rectifier, but shown in Fig. 2 as a battery, flows 
through the ground conductor to the load center 
frame, back through the ground check conductor, 
and through the ground check relay GCR. The vari- 
able resistor R, completes the circuit and is used to 
adjust the current. Should Z, or Z, increase, indicat- 
ing damage or opening in the cable, the current 
flowing through the check circuit will reduce or 
cease, causing the relay GCR to trip the proper cir- 
cuit breaker. 

Another circuit designed to check the continuity 
of the ground wire is shown in Fig. 3. In this circuit 
a source of low voltage is obtained from T, and 
passed through the ground continuity relay GCR. 
T, is an auxiliary current transformer which, so long 
as the ground circuit in the cable represented by 
Z and Z, is continuous, reflects a low impedance to 
the primary of T,. If the ground circuit is open, the 
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Figs. 1 to 3—R, resistor; Z, impedance; T, transformer; 
GCR, ground check relay; V, voltmeter. 


impedance is much higher and the current flowing 
through GCR is reduced, causing GCR to trip the 
protective breaker. 

To many experienced engineers, the continuous 
ground check circuit seems an unnecessary compli- 
cation. The fact that many mines have operated 
safely for years without such a circuit supports this 
argument; however, when the installation and mov- 
ing methods and the personnel doing this work at 
strip mines and at underground coal mines are com- 
pared, the ground check circuit becomes more attrac- 
tive. At most strip mines, all work that requires 
coupling, uncoupling, or splicing of cables is done by 
specially equipped crews trained to do this work. 
Of course, splicing of cables always requires trained 
men, but at most underground operations cables are 
coupled and uncoupled by any labor available. By 
providing absolute protection against incorrect pro- 
cedures, the continuous ground check circuit, when 
used with properly designed couplers, will permit 
untrained labor to handle coupled connections. 

In general, this continuous ground check circuit 
has not been applied to utilization voltage circuits, 
particularly those circuits feeding portable machines 
through trailing cables. The problem of maintaining 
the extra insulated conductor in a trailing cable 
usually is considered too difficult. 

One solution to this problem has been to provide 
a grounded source of current at the distribution 
center, which can be connected from time to time 
to the machine frame, and when energized, will pass 
at least 20 amp, the maximum ground fault current, 
through the ground conductor. If the ground con- 
ductor can carry this current safely, it is considered 
adequate. It should be noted that this scheme does 


not check the ground fault relay or breaker function- 
ing, nor does it check the ground conductor continu- 
ously. And as with any safety check which is not 
automatic, if the mine personnel do not make the 
effort to use it, the scheme is valueless. 

A special circuit that also checks the functioning 
of the ground conductor and relaying at utilization 
voltage is now being tested at the Ireland mine of 
Hanna Coal Co. This circuit has been approved by the 
USBM for experimental use at special test installa- 
tions and if successful may receive complete ap- 
proval. This circuit causes a controlled ground fault 
of controlled duration when a test button on the 
machine is pushed. Only a man wholly on the ma- 
chine and in contact only with the machine can op- 
erate it safely. If the distribution breaker is tripped, 
the cable ground conductor and relaying are safe. 

Neither of these methods provides continuous 
checks of the ground conductor. It is to be hoped 
that improved cable construction and simpler splic- 
ing methods will permit successful use of a continu- 
ous ground check circuit on trailing cables. 

In spite of this single problem noted above, it 
should be pointed out that the a-c system as normally 
used is safer than the d-c system. Inherent in the 
a-c system is the fact that the ground conductor does 
not normally carry current, and the detection of 
relatively small current in a ground conductor can 
be used to de-energize the circuit. The ground in a 
d-c system is a conductor which must carry full load 
current. Fault current is difficult to distinguish from 
normal load current, particularly when the fault oc- 
curs some distance from the conversion equipment. 
Fires are altogether too common in d-c systems, 
and it is easy to understand why this can be so, even 
with the best of modern protective equipment. 
Modern d-e systems often supply normal loads re- 
quiring more than 1500 amp, but fires can be ignited 
by fault currents less than 1/10th of this figure. In 
contrast there are a number of modern a-c systems 
that have operated for several years without any 
fires of electrical origin. 


DESIGNING THE SYSTEM 

The first step in designing an adequate and eco- 
nomical system for distributing a-c power to under- 
ground mining equipment is the choice of proper 
voltages. 

Choice of Utilization Voltage: The choice of utili- 
zation voltage for supplying portable face equip- 
ment and movable loads such as belt drives or mov- 
able pumps is not ditficult. Any system considered 
today should be capable of supplying the loads im- 
posed by modern continuous mining equipment. It 
is impractical to attempt to supply such loads at 
any reasonable distance from the transformer or 
load center with 220 v a-c, no matter how large the 
cable nor how adequate the rest of the system. Utili- 
zation power must be at 440 v or higher. A 440-v 
a-c system can supply a load, with equal voltage 
regulation, at the same distance from the transformer 
with a cable one-fourth the conductor size of that 
needed on a 220-v system, or with a cable of the 
same size at four times the distance possible with 
220 v. With the same cable size, regulation, and dis- 
tance, 440 v a-c can supply a load four times as large 
as can be supplied by 220 v. 

The practical rule to follow is to limit total cable 
lengths, at 440-v a-c to 1500 ft. Under favorable 
conditions this distance might be stretched to 2000 
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ft or a little more, but this practice should be 
avoided if possible. The voltage at the motor term1- 
nals is affected by all of the impedance drops on the 
entire system extending from the power company’s 
generator, over the various transmission lines and 
cables, to the motor terminals. If the final component 
of this transmission system, namely, the 440-v sup- 
ply, is overextended and provides poor regulation, 
then the problem of limiting the regulation on the 
remainder of the system may be too expensive or 
even impossible. Most mines supplying large con- 
centrated loads, such as continuous miners, try 
to keep the total transmission distance at 440 v a-c 
to 1000 ft and set 1500 ft as the maximum distance. 
If transmission distance at utilization voltage is 
to be so limited for 440 v, then it is apparent that 
transmission distance for 220 v, one-fourth as long, 
render 220 v impractical. 

Possibly a better choice of voltage for mining 
equipment would be 550 v a-c. While this is a stand- 
ard voltage it is used infrequently today; however, 
motors and control for this voltage are standard and 
costs are the same as for 440-v equipment. Since 
cables and other utilization components are rated 
for 600-v, initial costs are not higher for a 550-v 
system. The 550-v system offers the opportunity of 
supplying loads with smaller and less expensive 
cables or supplying loads at greater distances from 
the source of utilization power than would be possi- 
ble with 440-v. Unfortunately some states have 
laws that prohibit utilization voltages above 480 v. 

Several mines have demonstrated that high vol- 
tage need not be taken underground to obtain a 
practical system. Surface pole lines distribute the 
high-voltage supply, usually 12 kv or higher, to 
surface-located distribution transformers. Here the 
voltage is reduced to utilization voltage; protective 
equipment is supplied, as will be described for the 
load center; and utilization cables take the power 
underground for distribution to equipment. In a 
system of this type, very good regulation of the 
high-voltage supply can be attained by the choice of 
voltage, permitting most of the allowable regulation 
to be used on the utilization distribution. For this 
reason, utilization distribution distances are not re- 
stricted so severely as described for the more con- 
ventional system. For 440-v systems, a distribution 
distance of 2500 ft has been found to be practical. 
With loads of the same size, 4000-ft distribution dis- 
tances would be practical for 550-v systems. Obvi- 
ously factors which affect the cost of providing sur- 
face transmission lines as well as the depth of the 
coal seam would have a great effect on the economic 
feasibility of such a system. The relative costs of this 
system as compared to the conventional system have 
not been studied sufficiently to warrant generaliza- 
tions. Certain systems now under consideration 
should give answers within the next year. 

As loads continue to grow, it will become increas- 
ingly difficult to supply portable equipment at rea- 
sonable distance from the step-down transformer 
through cables of reasonable size. The only practical 
solution is to raise the utilization voltage. The sys- 
tem of grounding through a fault current limiting 
resistor will provide safety for personnel regardless of 
system voltage. Underground equipment will follow 
the course laid out by stripping equipment, which 
has mounted to higher and higher utilization volt- 
ages, until today there are power systems at 6900 v 
extending directly to portable equipment. These 
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systems provide shock protection to personnel equal 
to the best that can be provided with a 220-v system. 

Voltage Regulation Requirements: Most a-c pow- 
ered face equipment is supplied with motors wound 
for 440 v and with contactor operating coils for the 
same voltage. Normal operating voltage should not 
be permitted to drop below 400 v, or about 90 pet‘of 
normal rated voltage. At 90 pct voltage, motor torque 
is limited to about 81 pct of normal. This loss of 
torque is serious enough, but further loss of voltage 
will make most mining equipment inoperable. In 
addition, contactors may not pick up for starting if 
voltage is much below 85 pct of rating. During start- 
ing the motor current may reach six or more times 
normal full load. The system must be capable of 
taking this large starting inrush without letting vol- 
tage drop to 80 pct or at most 75 pct of rating. If the 
voltage should dip this low, it is likely that the con- 
tactors of the motor starter will drop out. If the con- 
tactors do not drop out, they will have inadequate 
pressure on the contact tips or will tend to bounce, 
causing burning of the contact tips during the period 
of high starting current. 

The basis for design should be to provide a system 
adequate to prevent: 1) normal operating voltage 
from falling below 420 v, or about 95 pct of rating, 
and 2) voltage during starting from falling below 
80 pct of rating. 

The problem of voltage regulation is not limited 
to offsetting low voltage only. If this were the case 
it would be necessary merely to provide a high 
utilization voltage at the secondary of the load 
center. The trouble with his idea is that during 
periods of light load, the voltage applied to motors 
can become quite high. This condition is aggravated 
frequently by the power company’s high-voltage 
supply tending to reach high values during periods of 
light load on its system. Overvoltage should be kept 
to 10 pct if possible and should not exceed 20 pct. 

Choice of Voltage for High-Voltage Distribution: 
With utilization voltage distribution limited to about 
1500 ft, it is apparent that high-voltage distribution 
must be simple and highly flexible to accommodate 
frequent moving of the load center. Most mines 
splice lengths of high-voltage cable only in portions 
of the system which will be in use without 
being moved for some considerable time. Portions 
of the system which are subject to frequent moves 
are usually supplied through lengths of cables termi- 
nated in suitable plug and socket connectors. These 
connectors permit easy addition or removal of 
lengths of cable as needed. 

Until early 1958 the rated voltage of connectors 
available was limited to 5000 v. Now at least two 
manufacturers can supply connectors rated at 7500 v. 
Thus, today three standard voltages are available 
for high-voltage distribution, namely, 2400 v, 4160 
v, and 7200 v. 

The choice of voltage for high-voltage distribution 
is affected by the size of loads and physical extent 
of the mine. The desired voltage regulation at the 
motor is controlled by the regulation on the power 
company’s lines, by the regulation on the high-vol- 
tage distribution system, by the regulation on the 
utilization voltage system, and by the characteristics 
of the load itself. The electrical engineer coordinating 
the entire system will find that he can do little about 
regulation in any of these system components except 
in the high-voltage distribution system. In this com- 
ponent, his most effective tool is choice of voltage. 


KWxD 
VR 


KWD IN THOUSANDS FOR 41 PCT DROP 
AT 80 PCT LAGGING POWER FACTOR 


2300N 
| 
ie) | 2 3 4 5 6 


COST OF CABLE, DOLLARS PER FOOT 
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lation desired. 


The trend today is toward 7200 v. Apparatus for 
7200 v costs little more than that for 4160 or 2400 v, 
and the cable is appreciably cheaper. The lower price 
for the cable results from the fact that the higher 
voltage permits the use of smaller conductors to 
supply the same load at the same distance. A 7200-v 
system can supply the same load at three times the 
distance that can be supplied with 4160-v with the 
same conductor size and the same regulation. A 
2400-v system has only one-third the capability of a 
4160-v system. A mine of any size that might have 
loads such as continuous miners will hardly find 
2400-v adequate, unless a number of feeds are pos- 
sible from a still higher-voltage system. Voltages 
higher than 7500-v are desirable for larger systems, 
but apparatus is more expensive and, of course, 
suitable connectors are not available now. 

Fig. 4 shows a plot of transmission capability, 
given as KWD, at the three different voltages against 
unit cost of cable. This comparison was made for 
five different sizes of conductor and two voltage 
ratings of cable. These voltage ratings are 5000 v, for 
use at 2400 and 4160 v, and 7500 v for use at 7200 v. 
The prices used for comparison were of cables con- 
taining ground continuity check conductors. Fig. 4 
shows graphically the savings inherent in the use 
of the higher voltages, particularly when the system 
must handle heavy loads or when it extends over 
long distances. 


COMPONENTS OF THE SYSTEM 
Once the size and extent of the system have been 
determined and voltages chosen, consideration can be 
given to the basic components which will make up 
the system. These components usually are: 


1) Surface substation and transformer, reducing 
power company’s supply voltage to high- 
voltage distribution. 

2) Circuit-breaker and relaying components to 
detect and interrupt ground fault, phase fault, 
or overloads. 

3) High-voltage cable and connectors for high- 
distribution voltage. 

4) Branch switchboxes. 

5) Load center. 

6) Low-voltage distribution center. 

7) Low-voltage cables. 


Surface Substation: The purpose of the surface 
substation is to reduce the power company’s supply 
voltage to the proper high-voltage distribution. The 
surface substation is conventional in most respects, 
having the following usual features: 


1) Some means to disconnect from the power 
company’s transmission line. 


2) Primary fuses or circuit breaker to protect 
against fault. 

3) Lightning arrestors on the primary and sec- 
ondary sides of the transformer bank. 

4) Transformers of proper capacity and voltage. 


5) Connection from the transformers to the 
mine high-voltage distribution protective cir- 
cuit breaker. 


Certain other features vital and special to this 
type of installation are as follows: 


1) The transformers should provide an electrical 
neutral that should be connected to ground 
through a ground current limiting resistor. 
The electrical neutral is usually obtained by 
having a wye-connected secondary in the 
transformer bank or, if a delta connection 
is required, a suitable grounding transformer 
is provided. 

2) The ground fault current limiting resistor 
should have the proper value and insulation 
to limit current continuously to 25 or 50 amp 
in the event of a ground fault. 


3) The station earthen ground, to which is con- 
nected the grounded side of the primary 
lightning arrestors and the tank of the trans- 
former bank, as well as other metal portions 
of the substation requiring grounding, should 
be separated by at least 50 ft from the 
earthen ground to which the ground fault 
current limiting resistor is connected. This 
prevents the possibility of lightning or the 
power company’s supply voltage making its 
way to the ground wire in the mine high- 
voltage distribution by way of a common 
ground. Each ground should be a low-resist- 
ance ground; the station ground should be 
not more than 2 ohms and the safety ground, 
not more than 5 ohms. 


4 


All connections and equipment on the sec- 
ondary of the transformer bank must be 
made anda installed so as to minimize ex- 
posure to lightning and should be attached to 
the ground of the ground fault current limit- 
ing resistor. 


Circuit Breaker and Relays: The circuit breaker 
installation is conventional. Normal phase fault and 
overload protection should be provided. Most instal- 
lations have current balance or phase failure protec- 
tion. An additional overcurrent relay, connected to 
a current transformer usually inserted between the 
ground fault current limiting resistor and ground, is 
provided to trip the circuit breaker in the event of 
a ground fault. This relay is adjusted to trip on 
about 5 to 7 amp of ground current. 

Fig. 5, a typical circuit for the circuit breaker, 
shows the ground continuity check relay (GCR) 
controlling the undervoltage release on the breaker. 
Special conditions may require some modification of 
this. For example, if the power company supply is 
subject to frequent interruptions from switching or 
other causes, it may be necessary to provide another 
method for tripping on loss of ground continuity. In 
this case absence of ground continuity, when supply 
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voltage is present, must be relayed so as to lock out 
the breaker. Phase failure, phase overcurrent and 
ground fault should also trip and lock out the 
breaker. 

If the main breaker feeding the underground 
system feeds through branch or feeder breakers, 
then the relaying should contain some time delay 
to permit selective tripping of the feeder breakers. 

High-Voltage Cable: Neoprene-jacketed high- 
voltage cable is used almost exclusively today. This 
cable, for operating at 4000 v or higher, is provided 
in two basic types, commonly called mine power 
cable and portable or type SH-D cable. The first is 
intended for more permanent installation where 
the cable can be installed with care. The conductors 
are rather stiff, normally having coarse stranding. 
The shielding tape, wound around the insulation of 
each conductor to act as a corona shield, may consist 
of a flat ribbon of copper. These features make the 
cable rigid and require that it be handled rather 
carefully during installation. 

The portable SH-D cable consists of flexible con- 
ductors usually containing 133 or more strands. The 
shielding is a flexible copper braid. This construction 
requires a little thicker insulation around each con- 
ductor. The cable is quite sturdy and flexible, per- 
mitting moving of the cable and the load center 
under load. Usually type SH-D cable is not made in 
sizes larger than 4/0 and is more expensive than 
the less flexible mine power cable. 
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Fig. 5—ACB, air-type circuit breaker; OCB, oil-type cir- 
cuit breaker; PT, potential transformer; SW, switch. 
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Armored cables with lead sheath are considered 
unsatisfactory. While this type of cable provides 
excellent mechanical protection, it is extremely 
vulnerable to electrolysis and corrosion. It is difficult 
to install and move. Internal failures are hard to find 
and to repair. 

Cables should not be buried as some mining laws 
now require. With protective methods such as were 
previously discussed, neoprene-jacketed high-vol- 
tage cables can be hung safely in the haulage entry, 
belt entry, or travel way. Hanging is the cheapest 
method of installation to keep the cable clear, and 
hanging in a well-traveled entry provides assurance 
that the cable will receive the most frequent in- 
spection and the greatest protection against roof 
falls, While burying the cable gives the ultimate 
protection against mechanical damage, in practice 
many troubles have appeared. The cost of burying 
the cable and recovering it is very high. The outer 
jacket of buried cables often receives minor dam- 
age during recovery, and when such damaged cable 
is re-installed it may be seriously damaged by elec- 
trolysis. Insulated hangers eliminate all chance of 
electrolysis on neoprene-jacketed cables when hung. 

In the discussion of safety considerations, the 
ground continuity check was covered. This circuit 
requires the use of one, and preferably two, insulated 
ground check conductors. Comparative prices on 
cables with and without one ground check conductor 
indicate that the cost is increased about 2 pct in 
the case of a cable having No. 4 conductors. The 
added cost decreases as the cable sizes increase so 
that the increased cost is only 0.25 pet for a 2/0 
cable. Strangely, the 4/0 cable containing the 
ground check costs about 1 pct less than the same 
cable without the ground check. The important fact 
is that the addition of the ground check circuit can- 
not affect the system cost very much. 

In most cases, 50 to 60 pct of the total cost of equip- 
ment necessary for a mine power system is repre- 
sented by the cost of the cable alone. A recent eco- 
nomic study indicated that an induction voltage 
regulator capable of providing a 10 pct buck or 
boost could be paid for, during, the early life of the 
system, by proportioning cables at their continuous 
rating rather than on the basis of voltage drop. The 
saving was considerable by the time the mine had 
reached its ultimate projection. In this study, it 
was contemplated that the voltage regulator would 
be installed on the surface, ahead of the main 
breaker, and controlled from the system demand. The 
regulator would be set to hold the supply voltage at 
the load centers close to some predetermined value. 


This use of a voltage regulator could have one 
additional and major benefit. The regulator would 
reduce the extremes of overvoltage that occur, 
particularly during periods of light load on the 
power company system. These extremes of over- 
voltage can sometimes cause motors to be subject 
to 120 pet or 125 pct of voltage rating. Such over- 
voltage can cause extreme current and torque during 
starting. Mechanical and electrical failures, at least 
in part, have resulted. Overvoltage can be especially 
serious on capacitor banks if used for power factor 
correction. Choice of a regulator for a given installa- 
tion should include a study of the power company’s 
system as well as the mine distribution system itself. 


Some mines have joined lengths of cable by splic- 
ing only, while others have used couplers throughout. 
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A combination of the two systems is most popular. 
The cost of a complete coupler, ranging between 
$400 and $500, is the main reason against their use. 
Splices are cheaper and, if well made, are less likely 
to give trouble, particularly in moist conditions. 
Making a splice properly, however, takes time and 
is being used less in situations where cables must 
be moved frequently. The preferred system seems 
to be as follows: 


1) Splice the cable in situations where the cable 
1s not moved frequently. Notice that the stif- 
fer mine power cable can be used here. 

2) Use couplers on cable where frequent moving 
is aa Here type SH-D cable should be 
used. 


Thus, as a rule, splice mine power cable and couple 
type SH-D cable. 

A number of cable couplers are available today. 
At least two manufacturers can now provide couplers 
rated for 7500 v. Couplers should be equipped with 
the required number of ground check circuit con- 
tacts which are designed to be opened before any 
power conductor. The ground conductor should be 
the last to be uncoupled. As further protection in 
the event of a phase to phase fault within the 
coupler, the housing surrounding the contacts should 
be made of heavy metal and should be connected 
to the ground conductor. Threads on the housing 
should be long enough so that the power conductors 
are broken and cleared before the connectors will 
part. 

Branch Switchboxes: Normal layout of the high- 
voltage distribution usually shows a main feeder 
cable installed in the haulage entry, supply track 
entry, or belt line entry. From this main feeder 
cable, branch feeders go to branch mains and then 
to section panels. 

At each branch and section some sort of discon- 
necting means is desirable. A safe method is neces- 
sary to disconnect the branch from the system so 
that a length of cable may be added or removed as 
needed without having to de-energize the entire 
system. Three general types have been used: 


1) An oil circuit breaker and air disconnect 
switch. 

2) A load break air switch which may be fused. 

3) Oil-filled load-break switch which may be 
fused. 


The oil circuit breaker has been used in a few 
cases where the system designer is trying to limit 
the effect of a fault in one branch upon the entire 
system. This feature is of greatest value to the large 
mine where a fault, if handled only by the main 
system breaker, would affect the operation of a 
great many production units. The disadvantages of 
the circuit breaker for this application are its high 
cost; its size, which is a problem in low seams, and 
the more exacting maintenance required if the relay- 
ing is to be kept in the proper condition to obtain 
selective tripping. In some cases circuit breakers are 
provided at main branches only, while feeders to 
section panels are isolated by a load disconnect 
switch. 

The load-break air switch and the oil-filled load- 
break switch are essentially variations of the same 
functional unit. Within their rating limitations, each 
can safely interrupt the normal load. Each can be 
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Fig. 6 and 7—SWa, auxiliary contact on branch feed 
switch; CR, relay coil; CRa, relay contact. 


equipped with fuses for phase fault protection but 
this usually is not done, as the main breaker or main~ 
branch breaker are intended to function on phase 
or ground fault. If the switch is located where damp- 
ness or condensation can be a problem, the oil-filled 
type is preferred. For maximum protection on the 
branch, some switches are designed to ground the 
feeder circuit when the switch is in an open position. 

It is obvious that many factors must be considered 
when the system to be used is being designed. The 
size and geography of the mine; economic considera- 
tions, including cost of equipment and cost of shut- 
down while an infrequent fault is being isolated; and 
skill and degree of training of personnel are all im- 
portant factors. Most systems are kept quite simple, 
and experience seems to indicate that they are fully 
adequate. A well-designed primary breaker instal- 
lation feeding through well-designed and installed 
cables normally is trouble-free and can safely handle 
any phase or ground fault on the system. Many 
engineers feel that complex breakers and complex 
relaying can provide more trouble and down time 
than the essentially simple system they are designed 
to protect. 

Use of the continuous ground check circuit re- 
guires special care at branch points. The basic cir- 
cuit is shown in Fig. 2. The same circuit with a 
branch added is shown in Fig. 6. It is apparent that 
the cable feeding load center A must carry the 
ground to load center B through its ground check 
conductor, as the direct path through Z, contains 
elements of high impedance GCR, R., and a voltage 
source. Most cables containing a ground check con- 
ductor are built with this conductor of smaller wire 
size than the ground conductor itself. Also the cur- 
rent-carrying capacity of the ground check circuit 
contacts in a cable coupler is limited. Thus it is ap- 
parent that the current-carrying capacity of the 
ground check circuit is limited, and its impedance 
may be high enough so that a ground fault, even 
though limited to 25 to 50 amp, might create ex- 
cessive voltage at a load center. 

Modifying the circuit as shown in Fig. 7 will pro- 
vide direct grounding to any number of load centers. 
In this circuit an additional insulated ground check 
conductor is provided to supply a source of voltage 
in the cable. At each branch to a load center this 
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extra ground check conductor is carried through the 
coil of a relay to the frame of the load center. This 
relay closes its contact and completes the ground 
check circuit. 

The switch feeding this branch should be equipped 
with an auxiliary, normally closed contact (SWa) 
which will close and maintain the continuous ground 
check when the branch feeder is de-energized and 
the branch cable uncoupled. 

Load Center: The load center is a skid-mounted 
transformer designed to receive the incoming high- 
voltage for distribution and to supply the utilization 
voltage with proper protective devices. The trans- 
former itself usually is air-cooled, dry-type, venti- 
lated, nonventilated, or hermetically sealed. Inert 
liquid-filled transformers are satisfactory but are 
not generally used because of their weight. A French 
manufacturer now builds a quartz-filled transformer 
so effectively sealed that the windings may be 
destroyed by overload or insulation breakdown 
without any external evidence. All modern trans- 
formers used in load centers are essentially fire- 
proof and may be operated on intake air without 
having to be placed in fireproof structures. 

On the primary side, load centers have been 
equipped with circuit breakers, air or oil-filled 
load-break switches, or frequently with couplers 
that are padlocked or key-interlocked with its branch 
breaker or load-break switch. As the transformer 
itself is a most reliable piece of equipment, many 
engineers consider any break or switch an unnec- 
essary duplication of the equipment which must be 
installed to protect and isolate the branch. 

The primary winding usually is connected delta 
permitting a wye secondary winding. When a delta/ 
wye primary is required, the secondary is supplied 


delta-connected and a zig-zag grounding transformer 
is used to derive the neutral ground. The primary 
winding is equipped with taps to compensate for 
a5 or 10 pet supply under voltage. Usually the sec- 
ondary is wound for 480 v. 

The capacity of the load center to supply a given 
set of equipment requires careful study. The best 
way is to obtain actual demand charts of the equip- 
ment to be used. Usually the equipment manufac- 
turer can give the results of his studies. Use of any 
ratio of transformer capacity in kilovolt-amperes 
(kva) to total connected motor horsepower will 
probably give poor results. Equipment manufac- 
turers use a variety of time periods for rating motor 
horsepower. This lack of uniformity of time rating 
as well as the inherent variations in the nature of 
the equipment loads makes any short-cut method 
likely to be in error. Consideration must also be 
given to future growth, as it is reasonable to ex- 
pect that future equipment will have greater power 
requirements. 

Various types of insulation are available. Class 
B and class H are most commonly used; class H is 
becoming the more popular. One manufacturer 
offers cast coil construction, which is a method of 
impregnating and encasing the windings with an 
epoxy-resin. All these methods of insulation are fire- 
proof. Dust-tight and hermetically sealed trans- 
formers eliminate the need for the occasional clean- 
ing necessary with ventilated cases. However, the 
ventilated transformer can be made smaller and 
lower than the sealed transformers. The impedance 
of the transformer should be low to minimize voltage 
regulation. In addition the transformer should be 
designed to allow at least 10 pct overvoltage without 
over-excitation. 


BREAKER COMPARTMENT 
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Fig. 8—CB, current breaker; PB, primary breaker; CT, current transformer. 
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Table |. Power Factor Correcting Capacity 
Requirements 


Existing Relative Capacitor Bank Rating 
Power For Correction to Desired 
Factor, Power Factor 
Pet 100 Pet 95 Pet 90 Pct 85 Pct 80 Pct 75 Pet 
70 1.020 0.691 0.535 0.400 0.270 
75 0.882 0.553 0.397 0.262 0.132 a 
80 0.750 0.421 0.265 0.130 
85 0.620 0.291 0.135 
90 0.485 0.156 
95 0.329 
Table values x kw load = kvar of capacitors needed to correct 


from existing to desired power factor. 


The neutral of the secondary is taken to ground 
through a ground fault current limiting resistor 
which will limit the current to 15 to 25 amp. Air 
circuit breakers are provided for each cable carry- 
ing utilization voltage from the power center. Each 
breaker feeds a low-voltage receptacle to which is 
attached a proper plug on the end of a cable. The 
breakers can be enclosed in ventilated, dust-tight, 
or explosion-proof compartments. In coal mining 
applications where the load center must be located 
in fresh air, dust-tight enclosures usually are speci- 
fied. A typical circuit for a load center is shown in 
Fig. 8. 

The molded case air circuit breakers have integral 
thermal and instantaneous magnetic trips for phase 
protection. A ground fault is detected usually by a 
window-type current transformer feeding a sensitive 
relay which opens the undervoltage release circuit. 
This scheme can function on as little as 34%4-amp 
ground current but usually is set between 5 and 7% 
amp. Protection against disconnecting the cable un- 
der load is provided by taking the undervoltage re- 
lease circuit to ground through a pilot contact in the 
cable plug. 

When a primary breaker is used, back-up ground 
fault protection is provided by a suitable current 
transformer and relay between the current limiting 
resistor and secondary winding neutral. 

Utilization voltage can be fed directly from the 
load center to the trailing cables of the machines or to 
one or more distribution centers to which the trailing 
cables are connected. When the load center feeds a 
distribution center one, or sometimes two, heavy 
cables are used to connect it to the distribution 
center. Two connecting cables, instead of one very 
large cable, sometimes can be used to advantage 
because individually they are lighter, dissipate heat 
more readily, and have lower combined reactance. 

Usually a 5-kva single-phase transformer is pro- 
vided to supply 220-v three wire for lighting and 
service. This transformer is protected with air cir- 
cuit breakers on primary and secondary side feeders 

The power factor of an all a-c mine without cor- 
rection may be expected to range between 75 and 
85 pct lag. To avoid power factor penalty charges, 
and to realize maximum use of cables and trans-~ 
formers, power factor correction should be con- 
sidered. Greatest advantage from correction is ob- 
tained by placing capacitors as close to the load as 
possible. Space requirements on mining equipment 
usually prevent the installation of capacitors on the 
machines, so capacitors usually are provided as sep- 
arate units to be connected to the secondary side of 
the load center. Because of the high voltage en- 


countered during periods of no load, 480-v units 
should be used in preference to 440-v units. While 
harmonic troubles can theoretically exist, in practice 
they will not occur if the capacitor bank rating in 
kvar is kept smaller than two-thirds of the trans- 
former bank rating in kva. If more capacitors are 
required, they should be switched with the load. 
The savings possible with most utility rate schedules 
will seldom pay for, nor will equipment utilization 
justify, correction to over 90 or 95 pct lagging. Cor- 
rection to this degree will not have harmonic 
troubles. 

Table I shows capacitor bank rating requirements 
for various power factor combinations. 

Distribution Center: The distribution center is 
merely a breaker compartment such as was de- 
scribed as a part of the load center, separately 
mounted, and connected to the load center with one 
or more heavy cables. The electrical circuit may be 
similar to the circuit shown in Fig. 8 as the breaker 
compartment. The various manufacturers use a 
variety of circuits which generally function in about 
the same manner. 

Locating distribution centers separate from the 
load center provides easily movable equipment from 
which to distribute utilization voltage to the trailing 
cables of machines. Trailing cables are usually 
limited to 500 ft and if connected directly to the load 
center would require too frequent moving of the 
load center as the section advanced or retreated. By 
limiting total cable length to 1500 ft at the utilization 
voltage of 480 v, it is apparent that lengths of 
cable up to 1000 ft can be inserted between load 
center and distribution centers. Thus the load center 
can be moved less frequently and further. The usual 
practice is to move the distribution center each time 
the shuttle car unloading point or the section belt 
tail piece is moved, but usually not more than once 
every second crosscut. The load center is moved once 
for some multiple of the distribution center moves, 
but not less than each 1000 ft. 


Fig. 9—Type Y ground mining machine cable. 


Low-Voltage Cables: A variety of constructions 
have been used for 600-v cables in a-c systems. The 
most common cable is type G, which consists of three 
insulated power conductors and three bare or effec- 
tively uninsulated ground conductors laid into the 
interstices of the power conductors, all surrounded 
by a tough protective flameproof jacket. The three 
ground wires combined are equivalent to at least 
one-half the size of one conductor. When an insu- 
lated ground wire is used, the remaining uninsulated 
ground wires must have this total equivalent. 

The other common type of cable used is known 
as PCG. This cable is essentially three insulated 
power conductors and a ground conductor, equiva- 
lent to one-half of a power conductor, placed par- 
allel. The ground usually is not insulated. Two small 
conductors used for continuity check and safety 
pilot are in the interstices of the power conductor, 
thus effectively making the cable a variation of the 
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Fig. 10—Experimental cable. 


Two major related problems require improved 
solution to attain better safety and reliability of AC 
distribution at utilization voltage. The first of these 
problems has to do with the difficulty of making 
either temporary or permanent splices on trailing 
cables. The second problem involves the difficulties 
of operating a continuous ground continuity check 
circuit through trailing cables to the frame of port- 
able equipment. 

The problem of making safe and effective splices, 
of both a temporary and permanent nature, is not 
unique to a-c mining. With d-c cables there are 
equally difficult problems of joining broken conduc- 
tors and re-insulating. However, d-c cables which 
contain a maximum of two power conductors and 
one ground wire have fewer conductors to repair 
than a-c cables which contain a minimum of three 
conductors and one ground. To the extent that there 
are more conductors to splice and insulate, a-c 
cables are more difficult to handle than d-c cables. 

Portable cables require splicing as a result of two 
types of damage. Occasionally conductors will be 
severed by some mechanical accident, but more 
frequently the high current that results when the 
insulation between power conductors is damaged 
or fails causes a severe arc which will literally burn 
one or more conductors apart. Little can be done 
about severe mechanical damage, but protection 
against severe damage from arcing can possibly 
minimize splicing troubles in a-c cables. It is obvious 
that if the fault current could be limited to a value 
well within the normal current-carrying capacity 
of the conductors, then the conductors would not 
be subjected to damage from burning or arcing. In 
a-c cables this can be accomplished by placing a 
ground conductor of ample capacity around two of 
the three power conductors or between the three 
power conductors. Damage to a cable so constructed 
would initially have to cause a ground fault which 
is limited to 15 to 25 amp. In most cases, the trip 
mechanism of the breaker protecting the damaged 
cable should function before the cable can develop 
a phase fault. With the conductors undamaged, re- 
pairing merely requires re-insulating the point 
where the insulation breakdown had occurred. An 
example of a cable designed in this fashion is the 
so called Y ground mining machine cable shown in 
Fig. 9. It consists of three insulated power conduc- 
tors with two soft copper braids placed between the 
insulated conductors in the shape of the letter Y. 
The cable is still under development, and while 
promising, has not been universally successful. Some 
mechanical failures have developed when it has been 
used on shuttle cars. Improvements have been made 
but the cable is not yet perfected. 
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Ground continuity check circuits add an additional 
conductor that must be repaired if damaged. Up to 
the present time, splicing difficulties have been so 
serious that most people have been unwilling to try, 
or have had to give up, ground continuity check in 
trailing cables. If ground protection between con- 
ductors can virtually eliminate splicing, then a 
ground continuity check can be added easily. An ex- 
perimental cable now being tested is shown In Fig. 
10. This cable places three insulated power conduc- 
tors parallel and in the same plane. Each side of the 
center conductor is a rectangular ground wire. The 
ground wires separate the power conductors and are 
themselves separated. The ground wires can be con- 
nected to the frame of the equipment and a current 
passed through them. The transformer type of 
ground check circuit should be used so that the 
frame of the equipment will always be grounded 
through a low impedance path, no matter which 
ground conductor might be opened. The Y ground 
ground cable can be modified to contain a ground 
check circuit by adding another insulated conductor 
of proper size. 

Continuous cables, without couplers, seem to be 
most satisfactory as trailing cables. The large size of 
couplers impede the moving of cables. The rough 
handling given couplers on a trailing cable results in 
high maintenance and equipment down-time. If 
couplers are used on the trailing cable, the USBM 
requires that an intrinsically safe circuit be used on 
cables serving permissible equipment. Of course 
coupler plugs are used on the end of the cable at the 
distribution center. 

Couplers are generally used in cables extending 
from the load center to the distribution center. Duty 
on this cable is not as severe as on trailing cables, 
so that couplers are satisfactory and splicing usually 
is not a problem. Type G cable with one insulated 
ground wire for ground check is satisfactory. 

A small but important piece of equipment for any 
a-c powered mine is a fault locator. If either of the 
experimental cables mentioned proves successful and 
become widely used, then most faults will occur 
within the cable and without any external evidence 
of the location of the fault. In all probability fault 
locators will have to be quickly available to any 
producing section. 


SUMMARY 


It should be emphasized that, while the experi- 
mental cables or some other new design can bring 
improved safety, present methods offer a high de- 
gree of safety when compared to d-e systems. Cable 
fires are virtually unknown and electrical fires on 
equipment are equally rare. While shock to per- 
sonnel can be severe, with reasonable maintenance 
the incidence of shock is gratifyingly low. 
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Technical Note 


Availability of Cesium for lon Rockets 


he advent of the space age and its promise of in- 

terplanetary flight has prompted new ideas for 
propulsion systems that will allow maximum energy 
with minimum fuel weight. The use of cesium as the 
source of energy for such rocket flights has been 
found desirable. Theoretical efficiency of a rocket 
fuel is measured in terms of specific impulse, de- 
fined as the number of pounds of thrust per pound 
of propellant consumed per second. Specific impulse 
is usually expressed in seconds (the number of sec- 
onds for which one pound of fuel would produce one 
pound of thrust) although it is really a measure of 
total energy, not of power. The most sophisticated 
chemical fuels have a specific impulse of 300 to 400 
sec; liquid hydrogen heated by nuclear reactor has a 
specific impulse of 1000 to 1200 sec. Specific impulses 
as high as 20,000 sec, however, are theoretically at- 
tainable with the ion rocket, in which free cesium 
ions are accelerated across a voltage drop and ejected 
at high velocity.’ Characteristics of the system have 
been sketched by Boden.’ 

The desirable properties of an ion propellant are: 
1) low ionization potential, 2) low boiling point, 
and 3) high atomic weight. Alkali metals best ful- 
fill these requirements, and Table I indicates the 
superiority of cesium. The use of heavy complex 
ions such as UCI,’ is ruled out by their instability 
and other disadvantages.’ 

Despite its enormous superiority in specific im- 
pulse, the ion rocket is inherently low-powered, 
capable of very small acceleration. Application of 
ion propulsion will be limited to large rockets and 
spaceships on missions requiring powered flight for 
weeks or months and employing a separate chemical 
propulsion system for escape from the earth’s atmos- 
phere where power requirements are large but of 
brief duration. For example, Kraemer and Larson* 
considered the case of an unmanned 25,000-lb pay- 
load placed in a 300-mile orbit by chemical rockets, 
proceeding thence by ion propulsion to the vicinity 
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of Mars, where it would go into orbit once again. 
Calculations provide for 8500 lb of cesium for such a 
voyage. The question of whether such quantities of 
cesium will be readily available to the space program 
does not appear to have been considered by geolo- 
gists and mining engineers. 


Present Production and Uses 

Literature on industrial applications of cesium 
is scanty. The metal is used in scintillation counters, 
photocells, infra-red detection devices, and as a 
“getter” in low-voltage vacuum tubes. Production 
is sporadic and total figures are not published, but 
the annual consumption is measured in pounds 
rather than in tons. The few pollucite deposits 
known, small as they are, can easily supply the 
present limited demand for gram or pound lots of 
cesium. Until recently the price of cesium was $2 
to $4 per gram, but according to Chemical Engineer- 
ing, cesium salts are now available at $13 to $27.50 
per lb. 

Geochemical Distribution 

As a large alkali ion, the cesium ion accompanies 
potassium in geological processes and tends to be 
concentrated in the latest crystallizing fractions of 
potassium minerals in much the same manner as 
rubidium. Most of the cesium in igneous rocks, there- 
fore, is in the micas and potash feldspars of granites, 
and especially in granitic pegmatites. The cesium 
content rises markedly in the micas of the late hy- 
drothermal replacement stage in complex peg- 
matites.’ Typically, cesium is only 0.5 to 0.01 times 
as abundant as rubidium in potassium minerals. Rb’, 
with a radius of 1.47 A, is close enough in size to 
K* (1.33 A) so that rubidium forms no minerals of 
its own. Cs* is so large (1.67 A) that only small 
concentrations can be taken up in potassium min- 
erals; when cesium is present in solution in larger 
concentration it forms the mineral pollucite, Cs,- 
Na.AL,Si,,O.,;3H.O, which is known only in pegma- 
tites. 

In the weathering of igneous rocks, cesium is 
dissolved, carried to the ocean, and apparently in- 
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corporated as an interlayer ion in the clay minerals 
of marine sediments, resulting in marine shales 
typically containing 5 to 7 ppm of Cs,0.° 

Trace element studies have shown wide and un- 
explained variations in cesium content for rocks 
and minerals of similar character, even at a single 
locality. Representative analyses are summarized 
in Table II. The number of analyses is not sufficient 
to be considered statistical. In all the minerals listed, 
except beryl and pollucite, cesium substitutes for 
potassium in the crystal structure. In beryl, the 
cesium is believed to be trapped in open channels 
in the structure, and is not an integral part of the 
lattice. Goldschmidt notes that cesium-rich beryl 
crystals are commonly transparent and of tabular 
habit.’ 


Potential Ore Deposits 

The highest-grade cesium deposits are concentra- 
tions of pollucite in granitic pegmatites. A mass of 
25 tons of pollucite is reported in a lithium pegma- 
tite at Karibib in Southwest Africa.* ° Other pollu- 
cite deposits in complex pegmatites occur at Varu- 
trask, Sweden; Bikita, Southern Rhodesia; and 
elsewhere.’ Recent drilling of the Montgary pegma- 
tite in Manitoba has revealed what is probably the 
largest single mass of pollucite known, a flat lens 
of the order of 500 x 200 ft in horizontal dimensions 
and 4 to 39 ft in thickness.” Pollucite closely re- 
sembles quartz in appearance and properties, and 
for this reason it seems likely that many occur- 
rences have been overlooked. More pollucite might 
well be discovered if the micas of complex pegma- 
tites were examined for cesium in order to delineate 
cesium-rich provinces and localities. 

A leaner but possibly more economic reserve of 
cesium lies in the world’s lepidolite and beryl de- 
posits, wherein the cesium obtained would be a 
byproduct of the mining operation. The lepidolite 
and beryl used by American industry is mainly 
imported in the crude state and in relatively small 
lots which are individually sampled and analysed. 
The erratic distribution of cesium in these minerals 
suggests that all lots should be checked spectro- 
graphically at the mill for abnormal cesium content. 
Since values of less than 100 to 1000 ppm will not 
be of economic interest, and the spectrograph is 
capable of detecting 2 ppm,” the precision of the 
commercial laboratory spectrograph should be quite 
adequate. Flame-photometric determinations are as 
good, or better, over the ranges sought.” “ Lots 
carrying economic cesium values could have their 
leach liquors shunted to a cesium recovery process 
instead of going to waste as they do at present. One 
method suggested for industrial recovery of cesium 
is to add K,Fe (CN), to the acid solution, neutralize 
to 9.5 pH and add NiSO,. Cesium is adsorbed on the 
resulting precipitate.* Perhaps 5 to 50 tons per 
year of cesium could be recovered in this manner. 


Table I. Properties of Some Alkali Metals 


Ionization 
Melting Boiling Potential 
Metal Atomic Wt Point, °C Point, °C (Volts) 
Cs 132.91 28.5 670 3.893 
Rb 85.48 38.5 700 4.176 
K 39.01 62.3 760 4.339 
Na 22.99 97.5 880 5.138 
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Table II. Distribution of Cesium in 
Rocks and Minerals 


Cs20(Ppm) Reference 


Granite 
Average granite Fl Horstman, 1957 
Two Yugoslav granites, 

from a single hill 

Biotite 
Average of five sam- 

ples from pegmatites 3,600 
Muscovite 
Nine samples from Pala, 
Calif., averaged with 
three other musco- 
tier 600 Stevens and Schaller, 1942 

Lepidolite 

Samples from Stewart’s 
Mine, Pala, Calif. 


10 and115 Deleon and Ahrens, 1957 


Stevens and Schaller, 1942 


830 to 8100 Cabell and Smales, 1957 


Average of 17 world- 


wide samples 2,400 Stevens and Schaller, 1942 
Beryl 
Madagascar (one mor- 
ganite) 75,200 Cabell and Smales, 1957 
Maine 550 Cabell and Smales, 1957 
Microcline 


Pegmatites of Kola Pen- 


insula, USSR 1100 to 1400 Borovik-Romanova and 


Kalita, 1958 
Six samples from gran- 
ite pegmatites 
Pollucite 


30 to 2400 Goldschmidt, 1954 


Varutrask, Sweden 307,700 Goldschmidt, 1954 
South Dakota 234,600 Goldschmidt, 1954 
Karibib, Southwest 

Africa 320,000 Goldschmidt, 1954 


Within the U. S., mining of lepidolite and beryl 
shows little promise of large-scale production. Thus, 
domestic mining is unlikely to provide much by- 
product cesium from this source. The best hope for 
a domestic strategic reserve of cesium (and rubi- 
dium) appears to lie in the micas of the complex 
pegmatite districts, which should be systematically 
analysed for this purpose. 


Acknowledgement is made to Space Technology 
Laboratories, Inc., Los Angeles, under the auspices 
of which this article was begun, for permission to 
publish this material in modified form. 
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LOAD REDUCTION IN 


SYSTEMATIC SUPPORTS 


by LAWRENCE ADLER 


The popes transfer of roof loads from props and bolts to ribs and pillars can 
result in appreciable savings. The author shows how to plan such load re- 


duction in underground mines. 


Fo openings in bedded rocks, analyzed by simple 
beam theory, it has been shown that roof loads 
can be shifted from one support to another.’ This 
transfer is effected by controlling the relative de- 
flection of adjacent supports. If this action is used to 
reduce loads in the props or bolts and increase them 
in the ribs or pillars, it could be productive of econo- 
mies averaging 30 pct. Such savings can be realized 
by: 1) using smaller artifical supports such as props 
and bolts, and 2) increasing loads in the rib to in- 
duce eventual failure for longwall caving. 

Since the rib is relatively load-insensitive, it pro- 
vides a natural load sink. However, caution must 
be used in applying such permissive deflections, for 
while the supports are being handled properly, the 
stresses in the roof itself are very sensitive to such 
manipulations.* 

An underground opening overlain by a relatively 
thin immediate roof, and a thick main roof, is usually 
laid out as shown in Fig. 1. The total open span (T) 
between pillars or ribs is calculated on the basis of 
the main roof, and the secondary spans (L) on the 
basis of the immediate roof, so that a complete 
accounting of the existing loads is made. For this 
purpose the immediate roof is treated as a uniformly 
loaded continous beam, which is an indeterminate 
structure as shown in Fig. 2(A). The term sys- 
tematic supports places the following two restrictions 
on the continuous beam: 


1) Spans between all supports are equal: uni- 
formity of spans. 

2) Loads on all supports (excepting ribs) are 
equal: uniformity of supports. 


The usual mode of analysis of such a structure by 
beam theory is to divide it up into a series of simply 
supported beams with end moments as shown in 
Fig. 2(B)’ 

The problem now is to transfer a maximum roof 
load to the rib from the span immediately adjacent 
to it by permitting its support to deflect, and yet 
not fail the roof. Once this has been done, the load 
can be equalized on all other supports by permitting 
further degrees of relative deflection. It is necessary, 
therefore, to determine an expression for the con- 
stant load on each support, and the required deflec- 
tions, in terms of properties of the roof. 


L. ADLER, Member AIME, is Assistant Professor of Mining Engi- 
neering, Michigan College of Mining and Technology, Houghton. 
TP 60AU200. Manuscript, Jan. 11, 1960. AIME Trans., Vol. 217, 
1960. 


From Fig. 1: 

= N,and—=WN [1] 

L, L 

Where: 
T = allowable span of main roof, ft. 
Mc 
(Calculated from S = ) 


S is allowable modulus of rupture, psi. 
M is maximum moment, lb-ft (in this 


wT” 
2 ). 
c is distance from neutral axis to extreme 
fiber, ft. 
I is moment of inertia with respect to the 
neutral axis, ft*. 
L, = allowable span of immediate roof, ft (cal- 
culated as was T). 
L = actual span of immediate roof, ft. 
N, and N are pure numbers where N, = N and 
N is the integer just higher than N,. 
For example: 


100 
N, = —— = 6.667 
15 


case 


N=7 
T 100 
N 7 


Consequently N= N,+n 
where n is a positive fractionie.:: 0=Sn=1 
Since from Eq. 1, T = NL=N.L, 


N 


MAIN ROOF 


PROPS 


Fig. 1—Layout of supports for main and immediate roofs. 
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S IGHT 
2 OF IMMEDIATE ROOF 
IMMEDIATE ROOF Soh 
2 
(2) (3) (4) (5) 
Rt Rt Re 
Ww Ww Ww Ww Ww 
y y y y y 
(1) (2) (3) (4) (5) 
| 
A B A B A B A B A B 
Fig. 2—A, immediate roof as a continuous beam. B, elements of the continuous beam. 
iby. N N-is odd: 
Therefore, the limits of — are: = 2 
L N—1 L N= 1 wL 
When i = 
The two conditions for systematic supports yield ( )B 2 
the following equations (see Fig. 2): 2 
2) Ris + Ra = ap Jag wL 
= Rw-ys + Rya = [4] Ras Ri + 
R, = wh 
Where: 
R, is the total constant load on each support, lb. a 1 


The first subscript refers to a particular span in 

the continuous beam. 

The second subscript refers to left (A) or right 

(B) supports of the particular span. 

1 is any individual span. 

A general equation for R, is derived by noting the 
consistent structure of successive specific equations, 
as shown in Table I. 


Generalizing Eqs. a, b, d, and f in Table I yields: 


Ris = (i-1) (wL—R,) + Rus [5] 
= 
Or: [6] 


From Fig. 3, shear forces in a continuous beam, it 
can be seen: 


N is even: 
N R 
When 1 = —; R, = mea or —— = — into Eq. 6 

2 2 
R, 
Riz — 
R; = wh + 

N 

2 


(N= 2) 


[7] 
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(N —2) wk -+ 


1a = which is identical to Eq. 7. 
That this is the required equation can now be 
proven by the use of mathematical induction. 


(N —2) wL + 2R,; 
for N, then is it also valid for N + 1? 
Increasing the number of spans (N) by one more 
span (N + 1) causes R, to be increased by the load 


of this additional span (wL), less the added support 
(R.), divided by the existing supports (N — 1) or, 


lt (Eq. 7) is valid 


(N—1) 


(a) 


Now N + 1 substituted into Eq. 7 yields: 
(N + 1—2) wL + 
N+1-1 
(N —1) wL + 2k; 
N 


R= which is identical 


w= yh 


N=4(EVEN) 


| AND te 


A (i) BIA 2) BIA @) Bla (4) ela (6) B 


Fig. 3—She es i onti showi 
g Shear forces in a continuous beam, showing relationships due to symmetry. CL indicates center line. 


: Ree if Eq. 7 is valid for N, it is also valid 2) Calculate N., N, and L from Eq. 1 
orN +1. 3) Calculate d i frc 6) 
b) Is Eq. 7 valid for any specific N? EE ee 
Take a minimum value: N = 2 into Eq. 7. M M M SI 
A max a == 
(2 — 2) wh + oR 
t ar = 2R,, which is true. using the least value of dip. 


Hence, Eq. 7 is valid. 4) Calculate Ris from Eq. 8. 


It remains to determine R,,. The previous study 5) Calculate R, from Eq. 7. 
yields the following equations when the slopes at 6) Calculate R., from Eq. 4. 
the supports are zero 0)* 7) Calculate from Eq. 

8) Calculate d.,; from Eq. 8. 


Rox wL hae 12EI Se [8] 9) Repeat steps 5 through 8 for each span until 
2 if the center line of the continuous beam is reached, 
and use symmetry for the remainder of the beam. 
wL? 6EI 
Vi — dy, [9] It will not be necessary to check the roof stresses 
12 L for any but the outermost spans, i.e., span (1) and 
a 72EI° (N), since these stresses will be the maximum de- 
== = dz [10] veloped due.to higher values of d, in the end sup- 
24 wL* ports. 


ee ae : ; h To evaluate the load reduction produced by this 
is now enough information to solve the method of successive deflection, maximum and mini- 


problem. The procedure would be as follows: , mum conditions will be examined. The analysis, for 
1) Calculate T and L, from S _ Mc Sta pe wL simplicity, will make use of Eq. 9 rather than 
12 Eq. 10. 
Table |. 
= Riz (a) 


— Ri AF Riz (b) 


\ 
From Eq. [4]: Ro» = — Ras \ 
From Eq. (b): Ro.» = WL —R, + Rus 3A (Volk, t 1B (c) 


From Eq. (c): Ra =—wL+ 2R, — Riu \ OR R 

From Eq. [3]: Ru = Ra J 
From Eq. [4]: Res = R:— Ru 

From Eq. (d): Res = 2wL — 2R, + Ris J Has 
From Eq. (e): = 3wL — 3R, + Ru f 

From Eq. [3]: Ru = wb — Ru 


fol 


| 
| 
¢ 
| | | / 
A (i) BIA @) BIA BIA 8B 
= 


100 T T | 
90 = 
Lo = N 
> N | Pct Rg 
no) 
ar 2 | 100.0 
3 20.0 
4 9.9 
6 6 3.0 
8 I. 
9 1.2 
50H 0.9 
0.6 
+ 40}— 
= 
30}— 4 
20 
10 
fe} | | | l 
2 =) 4 i) 6 7 8 9 10 (I 


NUMBER OF SPANS (N) 


Fig. 4—Maximum pct load reduction vs number of spans. 


2 


w 
iM = ; substituted into Eq. 9 since 


M, = = AS yields: 
Ole == 1 
SIE 72EI 
this into Eq. 8, yields: 
wh 
= 4 = 
L 6 
this into Eq. 7 yields: 
wL 
3N —2— | — 
L 3(N —1) 


[11] 


The percent load reduction (percent R,) is: 


wh = 
Percent Ra = {———— ]} 100 [12] 
wL 


The limits as established by Eq. 2 are: 
N 
For = 1; into Eq. 11 yields Rt = wL; into Eq. 12 


yields percent R, = 0 


For ne = a ; into Eq. 11 and 12 yields values 
L N-1 
plotted in Fig. 4. 

Fig. 4 shows the maximum values of load reduc- 
tion; these are significant between 2 < N < 6. It is 
within this range where substantial e-onomies aver- 
aging 30 pct may be gained by the use of permissive 
deflections. 


REFERENCES 


1L. Adler: Deflection of Mine Roof Supports. AIME Trans., 1959, 
vol. 214, p. 1027. 


2S. Timoshenko and G. H. MacCullough: Elements of Strength 
of Materials, 3rd ed., pp. 224-230. D. Van Nostrand Co., 1949. 


12 


Given: 


Find: 


SAMPLE PROBLEM 


Main and immediate roof are of same material. 
hm = 30 ft (thickness of main roof) 

3 ft (thickness of immediate roof) 

500 psi (Allowable Modulus of Rupture) 

1 x 10¢ psi (Modulus of Elasticity) 

100 Ibs/ft® (specific weight) 


2 


L ft (actual bas of immediate roof) 

Ri Ibs (total load per support or prop) 

dp ft (deflection for each support or prop) 
Ra pct (percent load reduction) 


Solution: 


1) 


2 


3 


4 


5 


7) 


8) 


10) 


T2 
= = = — T is allowable span of main roof. 
2hm? 2hm 


Qhm 
e+ T= = 208 ft 


Similarly 


2hS 
Lo = —— = 66 ft Lo is allowable span of imme- 
diate roof. 


From Eq. [1] No = = 3.19 


T 
Lo 


Since N = 4, we can expect a load reduction from 0.0 
to 9.9 pct (see Fig. 4). 


wl? 6 El 
+ 
L2 
SI 
Mia = — = 108,000 Ib ft into Eq. (91: 
c 


din = 0.056 ft = 0.68 in. 


dis 


From Eq. [9] Mia = 


72E2/2 
From Eq. [10] Mimax = ——— 
24 wLé 


Mimax = Mia = 108,000 Ib ft into Eq. [10]: 
diz = 0.058 ft = 0.70 in. >0.68 in. 


dip 


use Eq. [9] results. 


dip = 0.056 ft = 0.68 in. 


From Eq. [8] Ris = 


Rip = 6250 Ib 
(N—2)wL + 


N-1 


From Eq. [7] Rt = 


Rt = 14,567 Ib 


From Eq. [4] Rin +Rea = Rt 


Roa = 8317 |b 
From Eq. [3] Rea = wl 


Rog = 7283 |b 
Because of symmetry, Ros = Rsa; and from Eq. [4] 
28 + Rsa = Rt 
R: 
* ¢ 2Rop = Rt, or Ros = — = 7283 Ib, which checks 
above value for Res 


wl 12E/ 
From Eq. [8] Res = ————— dog 
2 Ls 
dope = 0.019 ft = 0.22 in. more than diz 


* ¢ total deflection of second support: 
desr = 0.056+ 0.019 = 0.075 ft = 0.90 in. 


Since the remaining span is symmetrical, the values already 
established will apply. 


wlL—Re 
From Eq. [12] percent Ra = (ee 100 
wl 
Ra = 6.5 pct 


Summary of Results: 


Actual span between props E52) 48 

Total load per prop Rt = 14,567 |b 
Total deflection at first and third props diz = dsp = 0.68 in. 
Total deflection at center prop dogr = 0.90 in. 

Load reduction due to deflection of props Ra = 6.5 pct 


SetN=4 
208 
L 4 = 
- 
12E! 
2 Ls 
= 
|| 
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TUMBLING MILL POWER AT 


CATARACTING SPEEDS 


he correlation of power consumed by a tumbling 

mill with the dimensions, speed, and load has been 
attempted by three principal methods. One of these, 
the torque formula, has been reviewed critically 
elsewhere.’ This approach, while analytical, dis- 
regards the individual motion and speed of the 
tumbling bodies and assumes that the gross geometry 
of the entire load is sufficient to establish the power 
requirement. A more general approach, using dimen- 
sional analysis, has been applied in this labora- 
tory by the present authors”*, and more recently 
by Rose.’ This disregards the internal conditions 
within the mill entirely and in effect is an empirical 
procedure for correlating data. Finally, the complete 
analysis of tumbling mill dynamics as first made by 
Davis‘ attempts to develop the power requirement 
from individual ball and rod paths and velocities. 
Although Davis’ result is applicable only at a 
single speed for a given size and load it could 
be useful, since his optimum speed is at the upper 
limits of conventional tumbling mill practice. 

Where power values predicted by the Davis equa- 
tion were compared with actual mill requirements, 
they were found too low for small mills and much 
too high for the largest mills. This suggested that 
the agreement with actual intermediate range re- 
quirements might be fortuitous, and the development 
of the equation was examined critically. 

The probable source of error was found to lie in 
an erroneous assumption made by Davis in convert- 
ing the energy of ball or rod motion to power. With 
the same approach, but with different assumptions, 
a modified equation has been obtained which predicts 
results that are usually consistently high. This is 
to be expected, since it is assumed that there is no 
slip between load and shell and no interference among 
tumbling bodies. Both these effects should account 
for the difference. 
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by P. K. GUERRERO and NATHANIEL ARBITER 


Fig. 1 


Development of Equation: When a cylindrical 
shell charged with a substantial weight of rods or 
balls is slowly rotated about a horizontal axis, the 
load surface first assumes an inclination that gradu- 
ally increases to a maximum. Continued rotation 
results in failure within the load, characterized by 
a sliding of the top layers down the slope and a 
reduction in the angle of inclination. Further rotation 
again increases the angle, and the cycle repeats. If 
the speed is increased, there is continuous load fail- 
ure and build-up and a continuous stream of rods 
or balls descends over the upcoming mass, which 
moves in circular arcs. At higher speeds the up- 
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coming layers are thrown free and fall freely into 
the toe, a condition known as cataracting. At a 
critical speed,+ these layers may cling to the shell, 
in which case all individual rod action ceases. 

At any particular speed, the character of action 
depends largely on the interrelation between the 
internal stability of the load and load-shell friction. 
The friction determines the amount of energy that 
can be transmitted to the load. With the internal 
stability of the load relatively high and the load- 
shell friction low, the power transmitted will be 
enough to maintain the load in an inclined position, 
but the load will slip on the shell as if it were a 
rigid body. However, if the shell is sufficiently 
rough or is provided with lifters, and the load is 
normally stable, rod or ball action as previously 
described will obtain. 

Visual observation indicates a single rod or ball 
will exhibit two types of motion: one, a circular 
path; the other, parabolic free fall. Starting at 
point A (see diagram, Fig. 1), the body follows a 
circular path of radius r’ until it reaches point B, 
where it is in equilibrium under the influence of 
gravity and centrifugal forces. From B it follows 
a parabolic path until it reaches point C, not per- 
ceptibly removed from A. At A the body undergoes 
a change in velocity to that of a corresponding point 
on the mill radius vector and the cycle is repeated. 
The pattern of movement suggests that the power 
consumption is determined by two considerations: 
1) the rate at which potential energy is gained from 
A to B, and 2) the rate at which momentum is 
changed from C to A. 

Assume the load to be a homogeneous mass of 
density p with the kinematic qualities described 
above. To maintain a stream of thickness dr’ in 
motion at a rate equal to the tangential speed at 
radius r’ requires power equal to the product of 
mass rate of flow and height, i.e., 


P,=2apLnr’ dr’h [1] 


with n being the rotational speed and h, the height. 

On the assumption of non-interference between 
adjoining stream lines along the parabolic path, no 
energy is lost or gained as the stream flows from 
B to. At C) the parabolic path velocity, V,, is 
changed to V., the velocity along the circular path. 
By analogy with vane theory in fluid dynamics, the 
power required for this transformation is assumed 
to be equal to the rate of change of momentum in 
the transition from the parabolic to the circular 
path multiplied by the velocity in the circular path. 
Thus, 


Pz: = 2rpLnr’ dr’ (V. — V, cosé) V. [2] 


where @ is the angle between V, and V.. 
The total power consumed by the load is the sum 
of P, and P. for all the elementary streams, i.e., 


where r, is the inner radius of the charge and r the 

internal mill radius. The following equations* will 

be found useful in evaluating the potential energy 
76.6 


Neritical = 


rpm (D is mill diameter). 


VD 
This presupposes a coefficient of friction between load and shell 
sufficient to prevent slip. As shown by Hukki,5 actual centrifuging 
speeds depend on load and frictional conditions. In the absence of 
lifters, and with low load levels, speeds many times higher than 
the calculated critical speed can be obtained. 
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component of the power requirement: 


cos = [D1] 


g 
== 
sin B = —cos 3¢ = 3 cosd — 4 cos’ d 
h = 4r’ cos ¢ sin’ ¢ 
Substitute the value h in Eq. 1, integrate between 
the limits r, and r, and simplify: 
87r° pL 
g 


327* 


P, 
3g 


At the toe, the following relations can be shown 
to hold: 


sin’ ¢—64 sin’? + 8sin’¢ 1 
[D3] 


If there is no slip between the load and shell, then, 
Vi 


hence V, = 277’ n\/9— 8 
Substitute the above values of V,, V., and cosé 
in Eq. 2, integrate between r, and r, and simplify: 


87" p 327*n 
P, = 


g 


256 
(r°—r,) [5] 


4 


g 


The total power input is therefore 
128 n' 


82°n*Lp 
P = ——— ] 2(1r'— 


256 n° 


+ 


Eq. 6 expresses the power in foot-pounds per 
second when all the quantities involved are ap- 
propriate ft-lb-sec units. It is valid for only 
one mill speed at a given load, designated by Davis 
as the “best operating speed.” At this speed, all 
particles between r and r, go through the circular 
and parabolic paths without mutual interference. 
This condition occurs when the radius at which a 
particle leaves the circular path equals that at which 
it returns. Davis showed that the value of the speed 
for this condition is: 


0.8158 
rps 


Vi VI EE 


[D4] 


To 
where K = — and has the approximate value, at the 
ir 


“best operating speed,” of 


K = — 0.026 + 0.39.\/7 —10L, [D5] 


L, in the above equation is the fraction of the mill 
volume occupied by the load. 


* Equations designated D1, D2, etc., were developed by Davis. 


: 


Elimination of n and r, in Eq. 6, replacement of 
radius r by diameter D, and substitution of values 
for the numerical constants leads to Eq. 7 for net 
horsepower input: 


(1 


= 0.001344 pD** L 


1.775(1— K*)  0.4432(1 — K®) | 


GQ+K)" 


A convenient relationship between @ and @ may be deri 
Davis’ analysis and used in the solution of the in eabes canine 
e integral expression. 


Eq. 7 differs intrinsically from the Davis equation. 
Davis developed an expression forthe kinetic energy 
of a falling body made available for crushing at 
point C (Fig. 1), based on the velocity of the particle 
relative to the shell. This is formally equivalent to 
the potential energy and momentum change ap- 
proach adopted here. But to obtain the rate of energy 
transformation Davis assumed that the time element 
involved was that time required for the entire mass 
to make a complete cycle, acting at a distance from 


Table |. Model Rod Mill Horsepower Requirements 
Computed by Eq. 7 and by Davis Equation 


Mill dimensions: 0.99 x 1.245 ft. Dry rods Critical Speed: 77 rpm 
Charge density =393 lb per cu ft 


Best Operating Speed Calculated 
Load Fraction | Net Net Horsepower 
Factor, Critical Speed, Mill, Horse- Davis? 
Lr F. Rpm power Equation Eq. 7 
35 0.817 62.9 0.28 .04 0.31 
0.40 0.827 63.6 0.29 0.06 0.35 
0.45 0.838 64.5 0.32 08 0.37 


Table I]. Comparison of Estimated Net Power for 
Commercial Mills and Power Calculated from 
Davis’ Equations 


= _Horsepower 
Mill Type D L Fe Ly Gross Net* Davis Eq. 7 
Grate ball mills 3.3 5 0.80 0.30 22 16.5 6.8 17 
Grate ball mill4 4.6 4 0.80 0.29 38 28.5 23 37 
Grate ball millt 4.6 5 0.80 0.27 46 34.5 28 45 
Grate ball mill‘ 7.7 6 0.81 0.33 2183 164 198 185 
Rod mill5 10.75 12 0.81 0.38 1000 750 2500 1250 


* 75 pct of gross. 


the mill center equal to its radius of gyration. In 
the development of Eq. 7, the concept of mass flow 
rate is used without reservation. 

Testing of Equations: Exact testing of the original 
and corrected equations is only possible with net 
power drafts available (including dead load cor- 
rections) and with mills operated at or close to 
Davis’ “best operating speed.” Some suitable data, 
reproduced in Table I, were obtained with a 12x16-in. 
model rod mill.t Table II, in turn, contains power 
data for the few commercial mills operated near the 
Davis speed. 

Comparisons indicate that the corrected equation 
gives results higher by about 20 pct than actual 


net power inputs to the model rod mill. For com- 
mercial mills, the corrected equation gives results 
averaging 26 pct higher than estimated* net power 
drafts. The original Davis equation predicts power 
about one-fourth of the actual power realized for the 
1-ft mill, closer results for intermediate-size mills, 
but more than three times the estimated net for 
the 10.75-ft rod mill. 


| | 

8}— 
w 
cad | 
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Q 

6 Ss 
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Conclusions: With the modifications introduced in 
converting tumbling body energies to power, Davis’ 
analysis of tumbling mill action appears to be 
essentially sound. The fact that the corrected Davis 
equation predicts power consumptions about 25 pct 
higher than actual is in accord with the probable 
occurrence of slip in operating mills. This slip would 
have the effect of decreasing angular velocities of 
tumbling bodies from the value for the shell, and 
consequently result in a lower power draft than that 
calculated from the shell velocity. 

The utility of the corrected Davis equation is two- 
fold. It provides an approximation of the maximum 
power requirement for tumbling mills at the 80 pct 
of critical speed level, which is about the maximum 
for conventional practice. It also permits estimating 
at this speed, the internal dynamics of tumbling 
mills in terms of ball velocities and energies, with 
reasonable assurance that the results will be cor- 
rect in order of magnitude. Fig. 2 summarizes in 
graphical form the power at best operating speed 
as a function of mill dimensions, ball or rod load, 
and charge density, as computed from the corrected 
equation. 


This article is condensed from a dissertation by 
P. K. Guerrero submitted in partial fulfillment of the 
requirements for the degree of Doctor of Engineer- 
ing Science, Columbia University, 1955. 
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EFFECT OF TEMPERATURE ON SOAP 
FLOTATION OF IRON ORE 


by STRATHMORE R. B. COOKE, IWAO IWASAKI, and HYUNG SUP CHOI 


he effect of temperature as a parameter in ore 

flotation has not been systematically studied, al- 
though for some ores it has been known for many 
years that selectivity and grade of concentrates can 
be improved by conditioning or flotation at mod- 
erately or substantially elevated temperatures. In 
1934 Coghill and Clemmer’ stated that “elevated 
temperature seems to make hard water more toler- 
able” in soap flotation, and a cursory examination 
of the literature indicates that some earlier in- 
vestigators were aware of beneficial results obtained 
by floating above room or mill-water temperatures. 
Tartaron,’ Mitchell et al.,° and particularly Hamilton 
et al.* have shown that high pulp temperatures give 
high recovery and selectivity in soap flotation of 
fluorite from a variety of gangue minerals. As a re- 
sult of the work of these and of other investigators, 
high-temperature flotation has been successfully 
applied to industrial flotation of fluorite. Falconer® 
stated: “The use of high temperature conditioning 
(above 35°C and preferably above 60°C) in connec- 
tion with the soap flotation of nonsulphide ores, as 
covered in B. Kalinowski’s French Patent No. 847,- 
215, Dec. 7, 1938, is claimed to provide more intense 
activation, better separation of values from gangue, 
and reduction in quantity of reagents.” 

The various investigations quoted above clearly 
demonstrate the improvements to be realized by 
increasing the temperature at which fluorite is 
floated, and it is surprising that little or no in- 
formation has been published on systematic investi- 
gation of the same method as applied to other ores. 

The present article describes comparative results 
obtained at room temperature and at elevated tem- 
peratures by otherwise conventional flotation of iron 
ores, by single-mineral flotation in the Hallimond 


S. R. B. COOKE, Member AIME, is Professor and Head, School 
of Mines and Metallurgy, University of Minnesota. I. IWASAKI, 
Junior Member AIME, is now with the Fuji Iron & Steel Co., Japan. 
H. S. CHOI, Associate Member AIME, is Managing Director, Kuksan 
Motor Co. Ltd., Chung-Ku, Korea. TP 59B206. Manuscript, Feb. 13, 
1959. AIME Trans., Vol. 217, 1960. 
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tube, and by contact-angle measurements. It is not 
the purpose of this article to evaluate the commer- 
cial feasibility of high-temperature flotation of iron 
ores, although preliminary calculations show that 
the cost should not be excessive and that the gains 
to be realized may well outweigh the extra cost of 
heating the pulp. 


LABORATORY FLOTATION TESTS 


Experimental: All flotation tests reported in this 
article that use a laboratory Fagergren cell were 
made on ore A (either containing the primary slimes 
or deslimed at 20u as specified) following the pre- 
paratory procedures described elsewhere’ for this 
particular ore. Ore A contained hematite, goethite 
(limonite), quartz, chert, and minor quantities of 
magnetite. Confirmatory tests made on other ores 
show that the same general principles apply to ores 
of similar mineralogy and structure. 


Conditioning was performed by adding the collec- 
tor, as a soap, to the vigorously stirred and heated 
pulp. Conditioning time was 5 min, the pulp con- 
tained 60 pct solids, and the equivalent of 0.5 lb of 
fatty acid was added per ton of original (unde- 
slimed) ore. The pH of the pulps ranged from 6.8 
to 7.1 (25°C measurement) during conditioning. The 
pH was adjusted in the flotation cell by addition of 
either NaOH or H,SO,, the values reported being 
those of the pulp cooled to 25°C. During conditioning 
and flotation the pulp temperatures were controlled 
within 1° to 2° by immersion of Variac-controlled 
Calrod elements in the conditioning beaker and in 
the cell, and by the use of water, heated to the 
appropriate temperature, for transferring pulp, ad- 
justing pulp volume, and washing. 

Selectivity indexes have been calculated on the 
same basis as those reported in the article by Cooke, 
Iwasaki, and Choi.° 

Results: Table I gives the results obtained by 
floating deslimed ore A with pure oleic acid at 25° 
and 50°C, and Fig. 1 shows the selectivity indexes 
plotted against pH of flotation. Inspection of Table I 
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reveals that the marked enhancement in selectivity 
index at 50°C and at pH values of 5, 6, and 7 is 
due primarily to greater recovery of iron units in 
the concentrates, since grade of concentrate was not 
markedly affected. 

Fig. 2 shows the results obtained on the same ma- 
terial at 25°, 50° and 70°C using the equivalent of 
0.5 lb of pure oleic acid (A),* a fish oil fatty acid 
(S), impure elaidic acid (O), and a technical grade 
of oleic acid (J) per ton of ore. The relationship 
between temperature of flotation and selectivity in- 
dex for each of the four collectors is essentially 
linear, but the slopes of the curves differ for in- 
dividual fatty acids. Upon extrapolation, the curves 
for the first three acids intersect at 80°C and ata 
selectivity index of about 16.5. 

To ascertain the effect of degree of unsaturation 
and molecular configuration of the fatty acid col- 
lector upon selectivity at elevated temperature, a 
series of tests was made on deslimed ore A at 70°C 
and pH 6. The results, given in Table II, are plotted 
for the acids of known iodine value in Fig. 3 and 
should be compared with those given in Fig. 3 of the 
earlier paper. 

The 70°C curve does not have the strongly marked 
hump that characterizes the curve for flotation at 
room temperature; nevertheless there is a steady 
decrease in selectivity index from the maximum 
(with oleic acid) to the minimum (with linolenic 
acid). All selectivity indexes at 70°C are well above 
those given by the same acids at 25°C. 

The generally excellent results obtained on iron 
ore by conditioning and floating at elevated tem- 
perature led to a study of the flotation behavior of 
three saturated fatty acids with 18 carbon atoms in 

* The letters refer to the designation for these acids in Table I of 


the article by Cooke, et al. and also in Table II of the present 
article. 
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Fig. 1—The selectivity indexes and grades of concen- 
trates obtained by floating iron oxides from wash-ore 
tailing (ore A) with pure oleic acid at 25° and 70°C. 


the chain, namely stearic, phenylstearic, and chloro- 
carbonated oleic acid.+ The structural formulas of 
these three acids and of oleic acid are given below: 


Stearic acid 


| 
la 


Phenylstearic acid 


jal 
€— (CH.); COOH 
| 
Chlorocarbonated 
Oleic Acid 
H 
CH, (CH); G C COOH 
G 
Oleic Acid / \ 
Cll Cl 
CH = €-— (CH,). COOH 
H H 


Stearic acid melts at 69.6°C; the remainder are 
liquid at room temperature. The selectivity indexes 
obtained on deslimed ore A with 0.5 lb of each of 
the acids per ton of ore at 25° and 70°C and at pH 6 
are given in Table III. It will be noted that at 70°C 
the selectivity indexes given by stearic and phenyl- 
stearic acids are very close to that given by pure 
oleic acid. 

Ore A, containing its original slimes, was com- 
pletely unresponsive to collection of the iron oxide 
minerals with fatty acids, irrespective of the addi- 
tion level of the collector. At low addition levels no 
froth developed; at high levels there was no selec- 
tivity, the entire ore charge floating. In view of the 
excellent results obtained with deslimed ore at ele- 
vated temperature, several flotation tests were made 
on undeslimed ore at 70°C. Flotation was performed 
at pH 6, using 0.25, 0.50, and 1.00 lb of impure 
elaidic acid§ per ton of ore. The results in Table IV 
show that reasonably good separations can be ef- 
fected at 70°C even though no separation occurs at 
25°C. A much more extended investigation should 
be made, however, to ascertain whether the method 
is generally applicable to iron ores containing either 
primary or secondary slimes and slimes of min- 
eralogical constitution and size distribution different 
from those occurring in ore A. 


+Listed as acids 1, 2 and 3 respectively, in Table I of the pre- 


ceding paper.® 


§ Acid O, Table II, and also Table I, Ref. 6. 
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Fig. 2—Relationship between selectivity index at pH 6 
and temperature of conditioning and flotation, using 
four fatty acids. Letters refer to acids in Table II of 
present article and Table I of the preceding article.’ 


HALLIMOND TUBE TESTS 


Experimental: A Hallimond tube,’” constructed 
for special laboratory tests, was operated under 
closely controlled conditions to obtain reproducible 
and quantitative results. The pore size of the 
fritted glass disk used for gas introduction ranged 
from 40 to 60u. A specially constructed lucite- 
covered magnetic stirrer was used for agitation, and 
the bottom of the cell was designed to keep the 
fritted disk covered with a layer of mineral particles 
during flotation. 

Purified nitrogen was fed from a tank at a con- 
trolled rate, the flow rate in milliliters per minute 
having been determined as a function of pressure in 
terms of centimeters of water. Thirty-five milliliters 
of gas per minute was chosen as an optimum flow 
rate. To keep this uniform during flotation, a reser- 
voir tank was placed between the source of the gas 
and the flotation cell. This method is simple and 
rapid, permits close control of operating conditions, 
and yields highly reproducible results. Another de- 
cided advantage is that neither collector concentra- 
tion nor volume of pulp changes during a test. 

For the tests on hematite a high-purity specularite 
from the Itabira district of Brazil was chosen. After 
the dense lumps of ore had been crushed, dry- 
ground in a pulverizer, and dry and wet-screened, 
the 150/200-mesh fraction was separated for use. 
This was cleaned by leaching for a short time with 
hot dilute HCl, after which it was thoroughly rinsed 
with demineralized distilled water and then heated 
with 30 pct H.O, until the mixture effervesced vig- 
orously. The solids were finally washed thoroughly 
with demineralized distilled water. Hematite pre- 
pared in this way showed no tendency to adhere to 
air bubbles nucleated under high-purity water at 
reduced pressure, a sensitive test for surface con- 
tamination. For storage the mineral was transferred 
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to clean pyrex bottles and was kept under water at 
all times during storage, transfer, and tests. 

Vein quartz from Montana was crushed, and the 
100/150-mesh fraction was leached in aqua regla 
and then washed 15 times with demineralized dis- 
tilled water. The quartz was stored under water 
until used. Identical Hallimond tube results were 
obtained with freshly leached quartz and with sim- 
ilar material that had been stored for three weeks. 

In Hallimond tube tests made at 25°C, 1 gm of 
quartz was conditioned for 30 min at pH 6 and pH 
11 in a 10-mg/l solution of calcium chloride 
(CaCl,:2H.O) in a 100-ml flask. The collector was 
then added as a soap and the quartz conditioned for 
1 hr by tumbling, the flask being completely filled 
with solution to prevent exposing the mineral to air 
prior to flotation. The mineral and solution were 
then transferred to the Hallimond tube, the pH being 
measured before and after flotation. At the con- 
clusion of a test, the flow of nitrogen was stopped 
and the concentrate and tailing were collected, 
dried, and weighed so that recovery could be cal- 
culated. A similar procedure was used with the 
hematite, the calcium-activating stage being omitted. 

For tests with quartz at 50° and 70°C, a 10-mg/1 
solution of calcium chloride was used for activation. 
The solution was transferred to a 100-ml flask con- 
taining the mineral under a small quantity of water. 
The flask was heated for 30 min at the desired tem- 
perature in a water bath, followed by soap addition 
and another 30-min conditioning at the desired tem- 
perature, with continuous agitation of the pulp dur- 
ing the entire hour. The pulp was then quickly 
transferred into the pre-heated Hallimond tube and 
floated, at a temperature maintained within +5° of 
the conditioning temperature. Except for omission 
of the activating stage, hematite was treated in the 
same manner. 

Since the pH changes with pulp temperature, a 
series of pH measurements was performed as a func- 
tion of temperature, using 3 x 10° M/1 of sodium 
oleate solution in which the pH was adjusted to 
about 6 and 11 at room temperature. The results are 
given in Table V. The true pH of the pulp at the 
temperature of measurement was obtained by mul- 
tiplying the pH scale reading by a factor F.*° The pH 
values of the pulp were therefore adjusted to give 


| 


LINOLENIC 


SELECTIVITY INDEX 


n 


— LINOLENIC 


| 


240 280 
IODINE VALUE 


Fig. 3—The empirical relationship (upper curve) be- 
tween the selectivity indexes, obtained by floating iron 
oxides from ore at pH 6 and 70°C, and the iodine 
values of the collecting acids. The lower curve rep- 
resents the mean results that were obtained at 25°C: 
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Table I. Flotation of Ore A, Deslimed at 20 u, at 25° and 50°C, 
With Pure Oleic Acid and at Different pH Values 


Assay, Pct Distribution, Pct** 
Second Cleaner Second Cleaner 
Temper- seiactiniee Concentrates Rougher Tails Concentrates Rougher Tails 
ature, °C pH Index* Fe Insol. Fe Insol. Fe Insol. Fe Insol. 
5 7.97 61.04 9.40 6.39 90.29 
49.80 2.03 22.26 83.11 
61.10 8.21 4.57 92.52 60.36 2.18 14.43 78.51 
9 1.00 All ore floated 
5 12.14 60.29 9.26 3.38 94.60 70.79 
4 2.89 10.90 81.17 
A . 12.93 61.27 8.20 3.24 94.66 69.99 2.46 10.62 82.05 
ag 2.26 96.27 76.23 3.64 6.97 78.07 
97.04 79.03 10.68 iis 
9 1.00 All ore floated cad ie 


dlings. Calculated from analyses of second cleaner concentrates; and of the composite, rougher tailings plus first and second cleaner mid- 
ies IP es hee from analysis of the whole ore, i.e., from the composited second cleaner concentrates, combined middlings, tailings, and 


Table II. Selectivity Indexes at 25° and 70°C 
Using Various Unsaturated Fatty Acids 


Selectivity 
Index 

Iodine 

Acid Name Value 25°C 70°C 

A Oleic (pure) 89.8 10.17 14.99 

J Technical oleic 88.2 8.70 14.02 

Oo Elaidic (impure) 84.1 8.87 14.29 

Ss Fish-oil acid 116.0 5.12 14.24 

@ Linoleic (pure) 181.0 4.46 10.30 

D Linoelaidic (pure) 181.0 8.03 11.38 

E Linoleic (conjugated) — 8.38 9.32 
F Trans-Trans conjugated 

linoleic — 6.47 16.85 

HO-16 Fish-oil acid 197.5 5:55 9.66 

R Fish-oil acid 266.2 6.00 8.95 

G Linolenic (pure) 273.0 5.68 8.85 


Table III. Selectivity Indexes Obtained at pH 6 with Three Saturated Acids 
and Oleic Acid at 25° and 70°C 


Assay, Pct Distribution, Pct* 
Second Cleaner Second Cleaner Re 
Concentrates Rougher Tailings Concentrates Rougher Tailings 
Selectivit = 
°C Acid Index é Fe Insol. Fe Insol. Fe Insol. Fe Insol. 
Stearic — — — = 
i 21.81 65.64 
Phenylstearic 5.01 51.24 7.80 87.64 57.01 6.90 
2° i 48.27 28.73 7.91 88.52 58.48 9.19 20.60 60.89 
61.10 8.21 4.57 92.52 60.36 2.18 14.43 78.51 
i 10.67 82.67 
teari 14.15 62.67 7.13 3.38 94.47 71.56 2.25 
14.91 62.83 5.99 3.46 93.78 70.05 1.81 
0 Chlorocarbonated oleic 9.67 56.96 15.35 3.06 94.18 74.01 5.42 9.13 76.36 
Oleic 14.99 60.72 8.61 2.50 95.67 75.48 2.86 8.08 : 
* Computed from analysis of the whole ore, i.e., from the composited second cleaner concentrates, combined middlings, tailing, and the 
slimes. 
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the desired pH at the specified temperature of con- 
ditioning and flotation. 

Results: Effects of temperature on flotation of 
hematite at pH 6 in the Hallimond tube at 25°, 50°, 
and 70°C are given in Fig. 4. The concentration of 
soap in the solutions added to the barely water- 
covered mineral in the tube, hereafter designated as 
acid concentration, was equivalent to 3 x 10° M/1 
of pure linolenic, linoleic, oleic, elaidic, and stearic 
acids. The effect of temperature on recovery is not 
marked with the first four acids, for these are ob- 
viously excellent collectors for hematite at any rea- 
sonable temperature. Stearic acid gave a low re- 
covery (10.0 pet) at 25°C, but this increased to 97.5 
pet at 50°C and to 100 pct at 70°C. With all five 
acid collectors the rate of flotation increased very 
markedly with increase in temperature. 

The response of quartz to flotation at pH 6, in the 
presence of calcium ion (10 mg of Ca** per liter, 
original bulk concentration), at 25°, 50°, and 70°C, 
and at acid concentrations of 3 x 10° M/1 of pure 
linolenic, linoleic, oleic, elaidic, and stearic acids, 
is given in Fig. 5. Flotation was poor, but not neg- 
ligible, and decreased in the order linolenic > lino- 
leic — oleic and elaidic acids. Flotation at pH 6 is 
only slightly temperature-dependent with linolenic 
and linoleic acids, but with oleic and elaidic acids 
it decreases rather markedly as the temperature is 
increased. 


One test was made using 50 mg of Ca** and 10~* 
M/1 of linoleic acid addition. Plotted as the upper 
curve in Fig. 5, the results show that at these in- 
creased reagent concentrations flotation of quartz is 
strongly temperature-dependent, particularly be- 
tween 25° and 50°C. 

It should be noted that clean quartz is not float- 
able at pH 6 in the absence of calcium or of any 
other polyvalent metal cation or of lithium, irre- 
spective of the fatty acid used. Addition of Ca™ at 
this pH permits flotation of only a low order of 
magnitude, but response increases with fineness of 
particle size. 

When the pH is increased to 11 or more, how- 
ever, quartz in the presence of Ca** becomes ex- 
tremely floatable with fatty acids. Fig. 6 gives the 
results of tests made at this pH using 10 mg/I of 
Ca‘*t and pure linolenic, linoleic, oleic, elaidic, and 
stearic acid concentrations of 3 x 10° M/l. At 25°C 
effectiveness of the collectors decreases in the order 
linolenic > linoleic ~ oleic > elaidic > stearic. At 
50° and 70° both linolenic and linoleic acids give 
100 pct recovery of the quartz, but otherwise the 
above order remains the same. All the fatty acids 
investigated show a strong positive dependence of 
recovery upon temperature. It should also be noted 
that under the specified conditions elaidic acid is 
markedly inferior to oleic acid as a collector for 
calcium-activated quartz. 


Table IV. Flotation of Undeslimed Ore A at 70°C 


Assay, Pct 


Second Cleaner 


Distribution, Pct* 


Second Cleaner 


Concentrates Rougher Tailings Concentrates Rougher Tailings 
Addition, Selectivity 
Lb Per Ton Index Fe Insol. Fe Insol. Fe Insol. Fe Insol. 
0.25 7.18 60.25 9.73 8.26 87.10 54.72 2.28 32.64 87.49 
0.50 10.29 57.64 13.10 3.07 94.82 83.96 4.71 10.86 82.77 
1.00 10.04 56.29 15.26 2.90 95.24 86.78 6.11 9.81 83.73 


* Computed from the analysis of the whole ore, i.e., from the composited second cleaner concentrates, the combined middlings, and the 


ature, °C 


Table V. Temperature Correction for Pulp pH 


pH 
Temper- Multiplying Meas- Cor- Meas- Cor- 
ature, °C Factor(F) ured rected ured rected 
25 1.000 11.10 5.80 
45 0.937 11.20 10,49 5.88 5.51 
65 0.881 11.45 10.09 6.20 5.46 


Table VI. Contact Angle, in Degrees, for Hematite (pH 6) and Activated Quartz (pH 11), 
as a Function of Temperature 


Linolenic Linoleic 


Oleic Elaidic Stearic 
ature, °C Hematite Quartz Hematite Quartz Hematite Quartz Hematite Quartz Hematite Quartz 
25 te ee 80 69 86 60 90 43 81 = 
82 59 87 39 90 34 (45°C) 92 
81 51 88 23 91 22 103 == 
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CONTACT ANGLE TESTS 


Brazilian specularite and Montana vein quartz 
were used for the contact-angle tests. The mineral 
specimens were mounted in lucite, the testing sur- 
faces being polished and handled in such a way that 
they gave no observable contact angle or cling when 
tested with an air bubble, in either distilled water 
or in calcium chloride and sodium hydroxide solu- 
tions. The polished surfaces of the minerals were 
inverted to prevent interference by accumulation of 
precipitates formed by reaction between the re- 
agents. The captive bubble, ranging up to 2 mm 
diam, was thus brought up to the face of the speci- 
men. For measurements at 25°C the hematite spec- 
imen was suspended in the required amount of so- 
dium soap solution at pH 6 and after a lapse of 3 
min was tested by pressing a bubble against it for 
100 sec. This procedure was repeated for at least 
four other places on the mineral surface, the value 
of the contact angle, if any, being read by a rotat- 
able filar ocular fitted with a circular scale. Similar 
tests were made at 50° and 70°C, +5°, by heating 
the soap solutions to the desired temperature in a 
constant-temperature water bath and then quickly 
transferring to the pre-heated bubble cell. The tem- 
perature correction for pH values were made as 
described above under Hallimond Tube Tests. 

For contact-angle measurements on calcium-ac- 
tivated quartz, solutions of CaCl,-2H.O containing 
10 mg/1 of Ca** were mixed with the same volume 
of solutions containing 3 x 10° M/1 of each of the 
respective sodium soaps. The pH of the mixture was 
then adjusted to pH 11 by addition of NaOH. The 
water-covered and clean quartz specimens were then 
transferred to the mixture in the bubble cell. The 
procedure followed was otherwise identical to that 
used for the hematite. 

Results: Table VI and Fig. 7 give the results for 
hematite at acid concentrations of 3 x 10° M/1 of 
pure linolenic, linoleic, oleic, elaidic, and stearic 
acids and show that the contact angle with the first 
four acids is practically independent of temperature 
within the stated range. With stearic acid, however, 
the contact angle increases markedly with temper- 
ature. It was observed that an equilibrium contact 
angle was established almost instantaneously with 
linolenic, linoleic, and oleic acids, but that the proc- 
ess was considerably slower with elaidic and stearic 
acids. In the case of elaidic acid, contact angles of 
98° at 50°C and 101° at 70°C were measured after 
100 sec of contact time, but both values decreased 
to a constant value of about 90° within a few min- 
utes. Conversely, stearic acid gave 27° at 25°C after 
100 sec of contact, but this gradually increased to 
50°C at 180 sec, finally becoming constant (81°C) 
at the end of 30 min. 

Table VI and Fig. 8 show that the contact angle 
for calcium-activated quartz at pH 11 decreases with 
increase in temperature, irrespective of the acid 
employed as collector. 


EFFECT OF TEMPERATURE ON 
FROTHING CHARACTERISTICS 


During batch flotation tests made on deslimed 
iron ore at elevated temperatures, it was observed 
that the froths, quite unlike those in tests made at 
25°C, consisted of large and heavily mineralized 
bubbles having some of the characteristics of so- 
called dry froths. It was also evident that the rate 
of flotation was very much greater than for tests 
made at room temperature under otherwise identi- 
cal conditions. The circumstances of dry froths and 
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Fig. 4—Temperature effect on hematite recovery at pH 
6 in Hallimond tube. Collector concentration, 3x10~° M//1. 
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Fig. 5—Effect of temperature on recovery of calcium- 
activated quartz at pH 6. Calcium, 10 mg/l; collector, 
3x10 M/I. Uppermost (dotted) curve described in text. 
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accelerated rates of flotation were particularly no- 
ticeable for the three tests made on slime-contain- 
ing ore, reported in Table IV, compared with tests 
made at 25°C on the deslimed ore. 

During the progress of the investigations reported 
here and in the earlier article by Cooke et al.” some- 
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Fig. 6—Showing the effect of temperature on the recov- 
ery of the calcium-activated quartz when the pH is in- 
creased to 11. Calcium, 10 mg/l; collector, 3x10~ 
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tration is 3x10° M/I of the respective fatty acids. 
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what different frothing characteristics were ob- 
served with different fatty acid collectors, and a 
determination was made of the frothabilities of the 
available pure acids in the absence of solids. A 
simple agitation method was employed in which the 
froth height produced above a solution of the fatty 
acid or its soap, following a standardized shaking 
procedure, was taken as a measure of frothability. 
Although most of the results were obtained at room 
temperature and will be reported elsewhere, one set 
of data was obtained at a concentration of 10° M/1 
of oleic acid over a wide pH range at 25°, 45°, and 
65°C. These data, plotted in Fig. 9, show that froth- 
ability increases with temperature. It was also noted 
that bubble size was greater at higher temperature 
and, significantly, that the froth column contained 
less interbubble fluid. The latter observation is at- 
tributable to more rapid drainage due to lowered 
viscosity and is perhaps a contributing factor to en- 
hanced selectivity of flotation at high temperature. 

That the method of determining frothability de- 
scribed above is relatively insensitive is indicated 
by the very low values given at pH 6 (Fig. 9), al- 
though most of the tests involving flotation of iron 
oxides reported here were made at this value and 
were accompanied by excellent froths. 


DISCUSSION 


The observed increase in selectivity index when 
iron ores are floated at temperatures substantially 
above 25°C are due to a combination of favorable 
factors, some of which are empirically established 
in the present article. 

Because of increased ionic mobility, conditioning 
at elevated temperatures decreases the time required 
for attainment of adsorption equilibria. The long 
chain aliphatic acids are believed to have similar 
dissociation constants (about 10°), and although it 
has been stated that variation of these constants 
with temperature is small,” the solubility of the 
acids in water increases with temperature, and the 
net result is that the concentration of the collecting 
ion also increases. 

Hematite and goethite float readily with fatty 
acids over a broad pH range, but to effect a separa- 
tion of these minerals from quartz in the presence 
of activating ions either released by the ore’ or 
already present in the water, and in the absence of 
specific sequestering reagents, flotation must be per- 
formed at about pH 6. At this pH value the concen- 
tration of fatty acid ions is small, but as stated above, 
increased temperature should partly compensate for 
this. 

As demonstrated by the Hallimond tube tests, 
flotation of hematite and of calcium-activated quartz 
are, respectively, positively and negatively temper- 
ature-dependent at pH 6, so that increase in tem- 
perature of flotation should enhance selectivity. It 
is also significant that at pH 6 and at any given 
temperature linolenic, linoleic, oleic, and elaidic 
acids are almost equally effective collectors for 
hematite but decreasingly effective collectors for 
quartz in the order given. 

The data obtained with the Hallimond tube and 
with the contact-angle measurements present some 
interesting comparisons. From Fig. 7 the equilibrium 
contact angles developed on hematite with the five 
acids indicated are such that floatability should be 
excellent over the entire temperature range. Fig. 4, 
however, shows that although recovery was excel- 
lent with four of the acids, that with stearic acid 


was strongly temperature-dependent and was com- 
plete only at 70°C. It was also observed that at 25°C 
the flotation time needed to give 98+ pct recovery 
with oleic and elaidic acids was ten times greater 
than that required to give 99+ pct recovery with 
linolenic and linoleic acids. A possible controlling 
factor is a shorter induction time at high temper- 
ature. When a mineral particle collides with an air 
bubble in a flotation pulp, the thin film of liquid 
between the bubble and the particle must withdraw 
before contact can be established. This withdrawal 
requires a definite lapse of time, called the induction 
time. If the water film cannot recede rapidly enough 
during the collision, no contact will be established 
between the bubble and the particle. When the in- 
duction time is high, therefore, little or no flotation 
will occur, even if a large contact angle is obtainable 
under equilibrium conditions. It is suggested that 
the induction period is dependent on the diffusion 
rate of the collector at the three-phase contact, the 
viscosity of the pulp, and the structure and degree of 
unsaturation of the fatty acid collector. The first 
two factors are strongly temperature-dependent, 
and should contribute positively to the efficiency 
of flotation at elevated temperatures. 

As shown in Fig. 8, the equilibrium contact angles 
developed on calcium-activated quartz at pH 11 are 
negatively temperature-dependent and are con- 
siderably less than the corresponding angles for 
hematite, although their order of magnitude, irre- 
spective of temperature, is enough to provide good 
flotation. It may be speculated that the temperature- 
dependence is due either to diminished calcium ad- 
sorption at elevated temperature, or to a lower cal- 
cium-soap solubility, or to a combination of both 
factors. Fig. 6, which gives recovery of calcium-ac- 
tivated quartz at pH 11, shows, however, a positive 
temperature-dependence, in apparent conflict with 
the results of Fig. 8. Apparently the effects of de- 
creased induction time at elevated temperature, as 
described above, outweigh effects of decreased con- 
tact angle, and flotation rate is thereby increased. 
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Fig. 9—Oleic acid frothability at varying pH and °C. 


Contact angles on calcium-activated quartz at pH 
6 are too small to be measured, but it is presumed 
that they decrease with temperature just as the re- 
coveries of Fig. 5 decrease. If this is true, then sur- 
face coverage at pH 6 becomes more important than 
induction time. 

It is evident from the data presented in this ar- 
ticle and from the foregoing discussion that the im- 
proved selectivity obtained in iron ore flotation at 
elevated temperature with all fatty acids inves- 
tigated is due to contributions made by a number of 
favorable factors, the most important of which are: 
an accelerated rate of flotation of iron oxides com- 
pared with quartz, a decrease in floatability of quartz 
fortuitously activated at pH 6, and improved and 
more selective frothing characteristics. 


This article is condensed from a thesis submitted by 
H. S. Choi in partial fulfillment of the requirement 
for the degree of Doctor of Philosophy, University 
of Minnesota. The work was sponsored by the Fish 
and Wildlife Service, U. S. Department of Interior, 
as part of a comprehensive investigation of utiliza- 
tion of marine fish oils. The authors acknowledge 
with thanks the assistance of M. E. Stansby, Chief, 
Pacific Coast Technological Research, Bureau of 
Commercial Fisheries, and staff; W. O. Lundberg 
and staff of the Hormel Institute, University of Min- 
nesota: H. H. Wade and V. E. Bye of the Mines Ex- 
periment Station, University of Minnesota. 
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NEW PHILOSOPHY OF PROSPECTING 


rospecting is certainly the world’s biggest and 

best gambling business. It is a game where the 
chips cost many thousands and where many millions, 
even billions, can be won. An attractive feature of 
this gamble is the fact that the players are free to 
rig the odds as favorably as possible. Only the 
limited bounty of nature, the restrictions of the 
laws of the land, the competition from other play- 
ers, the lmited sagacity of the player himself— 
only these, and other factors, restrict the possibili- 
ties for large winnings. 

Today probably about half the land surface 
of the earth remains to be searched for signs of 
ore visible at the surface. It is fortunate that so 
much land still remains for exploration by rela- 
tively economical methods. Looking to the future, 
it is a good guess that the costs of finding ore will 
increase in response to increasing technical diffi- 
culties. To continue to achieve profits from pros- 
pecting, it will become necessary to analyze the 
business more skillfully, in a more and more 
sophisticated manner. Whenever feasible, qualita- 
tive concepts must be replaced by their quantitative 
equivalents, improvements, and extensions. 


THE GAMBLE 


The fact that prospecting is a gambling business 
reminds us at once of the elementary rule known 
as the law of gambler’s ruin. I hesitate to mention 
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by LOUIS B. SLICHTER 


so simple a rule in this company of experts. This 
rule expresses the rather serious chance of going 
broke when the odds for success are small, merely 
by a normal run of bad luck regardless of the long- 
run expectations of gain. The only sure way of 
avoiding this special risk of gambler’s ruin is to 
have enough capital, and the will, to continue the 
play many times and thus ride out the inevitable 
runs of bad luck. For example, if the probability of 
success is One in ten for each venture, there is a 
35 pct chance that ten successive ventures will fail 
in a row. But if one has the capital to continue the 
play through a run of 100 failures, then the chance 
of gambler’s ruin is only 5 in 100,000. Almost any 
management, I suppose, would be under terrific 
pressure to cease the play during a long run of bad 
luck. To continue to prospect under such circum- 
stances requires great confidence in the premises, 
and a firm conviction in the long-term expectation 
of profit. There is evidence which I shall mention 
that in the future even the strongest companies may 
not have the necessary capital to prospect on the 
ideal scale. Joint ventures will be very desirable 
as a means for extending the available venture 
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capital. The essential difference between the fasci- 
nating business of prospecting and the more prosaic 
insurance business lies in the law of gambler’s ruin. 
The insurance companies place so many thousands 
of bets that they are obviously immune from the 
hazard of gambler’s ruin. Mining prospecting is not 
thus immune and qualifies as an excellent example 
of a first-rate gambling business. 


STATISTICAL ANALYSES OF 
OREBODY OCCURRENCES 


The use of geophysics and geochemistry in 
prospecting, and especially the use of the airplane, 
changes the character of the operation from the 
bird-dog search for special situations, used by the 
old-timers, to the wholesale uniform search of large 
tracts of land. The unit of coverage appropriate for 
an airplane, say 1,000 to 10,000 sq miles, is so large 
that the statistics of orebody distributions may be- 
come basic in determining rational prospecting 
plans. As the areas explored become larger, the 
details of the special situations, strikes, dips, sizes, 
and other characteristics of the orebodies become 
submerged in the so-called law of averages. 

Areal Distribution: A familiar qualitative state- 
ment about the statistical distribution of orebodies 
is the axiom more ore is to be found near known 
mines. This axiom may be given quantitative ex- 
pression in terms of the observed distribution of 
known mines throughout large mining areas. Sup- 
pose that a large mining area is subdivided into 
many equal units of a size, for example, of 1000 sq 
km. On average, how many mines occur per unit, 
and what is the chance that a unit of area will con- 
tain at least n mines where n is 0, 1, 2, 3, etc? A 
good beginning has been made in the study of such 
questions. Under suitable conditions, Allais and 
Blondel’ find that the areal distribution of orebodies 
is well represented by the familiar Poisson distri- 
bution. The Poisson type of distribution is very 
commonly encountered. For example, on a long 
stretch of open highway, the spacing of cars accords 
with the Poisson distribution. Again, in prospecting 
for uranium, the random clicks of a geiger counter 
are spaced in time in this way. 

Returning to the distribution of mines, let us 
divide the area of 125,000 sq miles—centered at 
Boulder Dam—which was studied by Nolan’ into 
357 squares of 1000 sq km each and examine the 
distribution among these subdivisions of the 154 
mining districts which have produced in excess of 
$10,000. Similarly, the Precambrian intrusive and 
sedimentary areas of Ontario were divided into 
squares of 1000 sq km each (185 in number) and 
the count of mines, square by square, recorded. 
(Mines within two miles of one another were 
counted as a single mine.) The results of such counts 
for the two regions are shown in Table I. Here the 
first column represents n, the rank of a 1000-sq km 
square in respect to the number of mines now known 
within it. In the second column are listed the num- 
ber of unit squares containing precisely n mines. 
The third column lists the percentage of these areas 
which contains n or more mines. For example, in the 
Basin and Range region, two or more mines are 
found in 9.5 pct of the sub-areas. The mean num- 
ber of mines per 1000 sq km is 0.43 in the Basin and 
Range area, 0.80 in the Ontario area. 

These results are presented graphically in Figs. 
1(A) and 1(B). The scale of ordinates which is log- 
arithmic represents the probability P(n) that n or 
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more known mines will occur in any randomly 
chosen unit square. The plotted points which repre- 
sent the observed counts are well presented by the 
straight lines, P(n) = 10°°@) P(n) = re- 
spectively, in the two regions. The two associated 
graphs which are concave downwards represent 
theoretical accumulative Poisson distributions hav- 
ing the appropriate means, 0.43 and 0.80 respec- 
tively. It is clear that the straight lines representing 
the exponential functions provide a better fit to the 
data than do the Poisson curves. The exponential 
probability distribution has important implications. 
It implies that the chance that one or more addi- 
tional mines exist in any unit is independent of the 
numbers that are already known to exist. There is 
no indication that a unit of this size has been appre- 
ciably depleted in potential undiscovered wealth 
because some two, three, or four mines have already 
been found. The statistics indicate that the mines 
are there to be found and that the lack of discov- 
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Fig. 1—(A) Comparison of observed distribution of min- 
ing districts in Basin and Range area with Poisson dis- 
tribution. (B) Comparison of observed distribution of 
mines in Precambrian intrusive and sedimentary area 
of Ontario with Poisson distribution. Note: Ordinate P is 
the probability that a unit area (1000 km’) will contain 
at least n mines, where n is 0, 1, 2, 3, ete. 
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eries is attributable to difficulties of discovery 
rather than absence of targets for discovery. 

If the Poisson approximation were valid, the 
axiom look for mines near known mines would be 
bad advice, in a narrow sense, since in such a dis- 
tribution there is less chance of finding more in 
areas where the density is already high. No doubt 
the reason for the truth of the adage is the fact that 
more adequate geological information is revealed in 
the known mines. Thus the rule probably means 
not that mines are more abundant but are easier to 
find in the neighborhood of known mines, The sta- 
tistical evidence here presented indicates that the 
abundance of undiscovered mines in these areas 
so much exceeds the few per 1000 sq km that have 
already been discovered that these discoveries do 
not reduce to any appreciable degree the number 
remaining to be found. Much more extensive studies 
of mine distributions in many other regions are of 
course needed. Such statistics may contribute sig- 
nificant evidence relative to the abundance of un- 
discovered mineral resources. The areal distribution 
of orebodies is obviously a basic consideration in 
the rational planning of prospecting. 

Distribution of Orebody Values: Another familiar 
assertion about prospecting is the statement that 
the rare big orebodies—the so-called elephants— 
furnish the real rewards. This axiom seems to be 
accurately expressed quantitatively by the state- 
ment that the logarithms of the values of orebodies 
are distributed in accordance with the normal law 
of errors. Like the Poisson distributions, the log- 
normal law is also very frequently encountered 
both in nature and in economics. The production of 
the 285 mining districts in Nolan’s Basin and Range 
study follows closely the log-normal pattern (Fig. 
2). In this area 4 pct of the districts produced 80 pct 
of the wealth, and 16 pct of the districts accounted 
for 97 pet of the production. According to Fig. 2, 
only one district in 1000 would produce over one 
billion dollars. Clearly, the log-normal distribution 
in the size of orebodies leads to dramatic implica- 
tions in the economics of search. In discussing the 
economics of prospecting an area of one million 
square kilometers in the Sahara Desert, Allais* es- 
timated that the single largest discovery would ac- 
count for between 35 and 40 pct of the value and 
that 25 pet of the finds would account for 65 to 80 
pet of the values. We shall consider later how 
greatly the large orebodies should influence the 
strategy of prospecting. 

Physical Dimensions: Associated with the log- 
normal distribution of orebodies in respect to value, 
there is a similar log-normal distribution in respect 
to their size and physical dimensions. Clearly both 
the absolute dimensions, and to a lesser degree the 
relative dimensions (namely the geometrical fine- 
ness ratios), as well as the associated values of the 
orebodies, are the chief variables which determine 
the most profitable plan of blind search. However, 
it may happen (and it often does) that satisfactory 
direct information about the sizes of orebodies is 
not available. In this case, a useful estimate of the 
size distribution, which is insensitive to the kind of 
ore involved, can be derived from the known dis- 
tribution of the orebodies in respect to value. For 
example, within a factor of about 2, the average 
ores of ten important metals from gold to iron carry 
the same values per pound, or per cubic foot.’ Thus 
one may adopt a standard factor to convert value to 
volume, which for convenience I shall assume to be 
about $1.00 per cu ft. 
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Fig. 3—Completeness of search by drilling grid. 


PROFIT RATIO VS. DRILL HOLE SPACING 
FOR SEVERAL ORE DISTRIBUTIONS 


IV 


Fig, 4 


fo) 


~ 
~. 
| 
| 
| 
} 
| 
| \ 
| 
R 
| 
6 cr 4 
| | / / 
| | / | 
| | | | 
ff 
y | 
/ | | 
| | | 
| } A/ 
| | 
| | | 


PROBABILITY OF DISCOVERY 

Having briefly considered the distribution of tar- 
gets In space and in size, I shall next discuss some 
search problems in prospecting for blind orebodies. 
In these search problems, the basic compromise 
dictated by economics is between the completeness 
or thoroughness of search and the cost of such 
thoroughness. Usually the desirable compromise is 
that which maximizes the ratio of profits to cost. 


Prospecting by Drilling: In some simple types of 
exploration problems, notably in exploration by the 
drill, it is feasible to calculate the probable com- 
pleteness of search in terms of the size and shape 
of targets, and in terms of the drillhole spacing. 
Thus one can determine the best spacing of the 
drillholes. Fig. 3 shows the completeness of search 
for randomly oriented orebodies of various fineness 
ratios as a function of the drillhole spacings. The 
important item here is the ratio of the area a of the 
target to the area associated with each drillhole of 
the pattern. Long, thin bodies are somewhat more 
difficult to find than equi-dimensional bodies of the 
same area. A computed example appears in Fig. 4 
showing the effect of hole spacing on the prospect- 
ing profit ratio.* 


Prospecting by Geophysics: Let us turn now from 
prospecting by the drill to prospecting by geo- 
physics, and in particular to prospecting by the air- 
plane. In the geophysical search problem, one of 
the important questions concerns a suitable mean- 
ing for the word discovery. If a drill strikes good 
ore, one does not quibble much about the meaning 
of discovery, but a geophysical survey may reveal 
many so-called anomalies, most of which are not 
caused by ore. The identification of potential ore 
anomalies among similar effects caused by other 
geologic influences remains a first-class problem. 
Better ways of appraising the significance of geo- 
physical anomalies, and of distinguishing them from 
the background of geologic noise, are needed and 
indeed are being continually developed. 

Obviously, in the last analysis, the dangerous role 
of personal judgment or intuition in identifying and 
appraising anomalies can be eliminated only by 
performing the entire job mathematically. 


For the present, however, let us avoid the com- 
plex subject of the interpretation of geophysical 
maps, however fascinating this may be. Let us agree 
for present purposes that the word discovery means 
only that the geophysical anomaly is crossed by at 
least one traverse, or better perhaps, by at least 
two, or if you prefer by at least three.* The point 
here is that one needs enough data to develop the 
outlines of a significant geophysical indication, and 
so the number of discovery traverses needed de- 
pends upon the local circumstances. 

With this definition one may compute the prob- 
ability of discovering targets of various sizes and 
shapes by surveys having various traverse spacings. 
In one case, at least, it is well known that the re- 
sults may be expressed in a very simple way, 
namely, when the traverse spacing exceeds the 
major horizontal dimension of targets of any con- 
vex shape, which are randomly oriented, then the 
probability of discovery is proportional only to the 
perimeter of the target. Mra Mes, the perimeter of 
elliptical targets is shown plotted against the major 
dimension. When the fineness ratio a/b is greater 
than 3, the perimeter is essentially proportional to 


*These examples are more fully discussed in reference 4. 
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Table |. Areal Distribution of Mines 
in Basin and Range Area and in Ontario 


A. Basin and Range (154 Mines, Area 357 Units) 


Number of Percent 


n = Areal Units of Percent According 
Density of Area 1000 of Units to Cumulative 
Mines in Km? Each Contain- Poisson 
Number per Containing ing n or Distribution 
1000 Km? n Mines More Mines (e = 0.43) 
0 250 100.00 100.00 
1 73 29.97 34.88 
2 26 9.52 7.01 
3 5 2.24 0.81 
4 2 0.84 0.08 
5 0 0.28 0.00 
6 1 0.28 0.00 
7 0 0.00 0.00 


B. Precambrian Intrusive and Sedimentary Areas of Ontario 
(147 Mines, Area 185 Units) 


Number of Percent 
n = Areal Units of Percent According 
Density of Area 1000 of Units to Cumulative 
Mines in Km2 Each Contain- Poisson 
Number per Containing ing nor Distribution 
1000 Km2 n Mines More Mines (e = 0.8) 
0 104 100.00 100.00 
it 45 43.78 55.07 
2 22 19.46 19.12 
3 6 7.97 4.74 
4 4.32 0.91 
5 3 2.70 0.141 
6 1 1.08 0.0184 
a 1 0.54 0.00207 
8 0 0.00 0.0000 


the major dimension; the maximum deviation from 
this rule, for the circle, is 57 pct. 

In the extreme case of long needle-like anomalies 
randomly oriented, the probabilities of detection by 
at least one or by at least two traverses are indi- 
cated by Fig. 6. Probability curves of this type are 
basic in determining the best spacing of traverses 
either in aerial surveys or in ground surveys where 
essentially continuous data along parallel lines are 
taken. 

To express a factor of merit in such prospecting 
operations, one should divide the probability of dis- 
covery by the cost of discovery. Neglecting for the 
moment overhead charges, it will be assumed that 
this cost is merely a flying cost, at a fixed charge 
per mile flown. In this case, the factor of merit F is 
proportional to the probability of discovery times 
the spacing between traverse lines. 

In the important limiting cases when the orebody 
is near its maximum detectable depth, there is a 
well-known tendency for the geophysical anomaly 


Pf) 


Fig. 8—Distribution of Basin and Range-type ore oc- 
currences as to length (Curve 1) and value (Curve 2). 
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to become much more equi-dimensional than is the 
causal orebody. For this reason the other extreme 
case, namely the problem of detecting a circular 
disk, is of interest. For this case of the disk, Fig. 7 
shows the figure of merit F as a function of traverse 
spacing on the hypothesis that two crossings over 
the target constitute discovery. In Fig. 7, in addi- 
tion, the corresponding figure of merit is shown for 
the case of a double set of traverses in a criss-cross 
checkerboard pattern. If two crossings are required 
to insure discovery, it is clear that the criss-cross 
flight pattern may be the better. It provides higher 
values of the figure of merit whenever the traverse 
spacing exceeds two-thirds of the disk’s diameter. 

Determination of Flight Pattern: We have consid- 
ered some chief items which affect the efficiency of 
search. The following example will show how these 
items may be adjusted to arrive at the best flight 
pattern. The Basin and Range type of ore distribu- 
tion will be assumed, together with a minor hypothe- 
sis that the ratios of dimensions, namely the shapes 
of orebodies, are not affected by their absolute size. 
The dimensions of the orebodies are then also dis- 
tributed log-normally. Fig. 8 shows this distribu- 
tion as to length for the Basin and Range orebodies, 
on the assumption that the lengths are ten times the 
mean width. The chief feature is the predominance 
of small orebodies. Half the bodies are less than 220 
ft long, and bodies of 40 ft length are the most 
abundant. They occur 330 times more frequently 
than those of 2200-ft length. The second curve in 
this diagram represents the distribution in value of 
orebodies as a function of their length. Despite the 
scarcity of large bodies, the maximum values are 
represented by those of 2200 ft length. These have 
an individual value of $50 million each, but they 
occur in the Basin and Range area only at the rate 
of 1 per 50,000 sq miles. In toto they have a value 


— 
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500 times greater than those in the most numerous 
40-ft category. If we further assume that the bodies 
are randomly oriented and that two traverses across 
any orebody suffice for its discovery we find that 
the most ore is discovered per dollar of flight cost 
when the traverses are spaced 1300 ft apart. This 
result is depicted in Fig. 9, which shows the effect 
upon the profit-ratio of varying the traverse spac- 
ing. This represents the solution of the problem of 
finding the best flight pattern under the special 
conditions postulated. 


COMPETITIVE ASPECTS 

As I have remarked on a previous occasion, pros- 
pecting plans should also “be governed by the prac- 
tical requirements of competitive prospecting. The 
company that sees the favorable opportunity early 
and acts promptly may achieve a major advantage 
over others that delay too long in improving their 
analysis of a situation. The competitive aspects of 
prospecting obviously add another interesting di- 
mension to the range of considerations which should 
guide the decisions of management about prospect- 
ing ventures. One sometimes wonders whether these 
managers are being paid enough.” 


SUMMARY 


A few of many kinds of statistical data have been 
mentioned which are needed for guiding geophysi- 
cal prospecting. Without belittling in the least the 
importance of improving all the tools for finding 
ore—geological, geophysical, geochemical—I have 
urged the primary importance of appraising the 
expectations of finding ore. There is room, I suggest, 
for improvement in the business of maximizing the 


returns from prospecting. The vital statistics in 
prospecting are just as vital to prospectors as are 
the corresponding vital statistics in the insurance 
business. Actuarial experts of a new type are needed 
to compile the necessary information and to ap- 
praise the risks in prospecting blind. We need to 
improve the art of comparing prospecting ventures 
in terms of the odds—in just one word, in terms of 
numbers. 


As a student I recall a colorful professor who used 
to admonish his class with the famous dictum of 
Pythagoras: “The nature of things consists in Num- 
bers.” I have never been able to understand these 
mystic words, but I suppose that our modern mil- 
lion-dollar computing machines would be very 
pleasing to Pythagoras. When suitably interpreted, 
his dictum probably contains much wisdom. For 
future prospectors who will search boldly and ra- 
tionally for all-important giant orebodies concealed 
in vast areas, perhaps he has furnished a suitable 
motto—The nature of things consists in numbers. 
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APPENDIX 


Formulas referred to or utilized in text 


The Log-Normal Distribution: The normal or 
Gaussian error function, 


o(u)du = o * exp[— 1/2 *(u—u,)’*]du 


expresses the probability ¢(u) du that a reading u in 
the range u, u + du will be obtained. The mean 
reading and most probable reading is u.; the param- 
eter « which determines the sharpness of the peak 
of the error function is called the standard devia- 
tion. If 7 = log, V, so du = 0.4343 V-aV, then sub- 
stitution in Eq. 1 yields 


¢(u)du = p(V)dV = 0.4343 (27) 'exp 
[— 1/20? (log V—log V.) ]V“dV 
This is a so-called log-normal distribution. In Fig. 2, 
o = 1.53, log V. = 4.3 


If the value V is proportional to the cube of the 
major dimension of an orebody 


V=<l, 


then the distribution in respect to the length 1! is 
also log-normal, and the standard deviation Tey 3/3} 
that of the associated distribution in value, namely, 
0.51 for the case of the Basin and Range example. 


In the distribution shown in Fig. 8, the constant a = 
5.23 x 10°. This corresponds to a value $1.00 per 
cu ft, and to long, prolate, ellipsoidal targets with 
length to width ratio 10. The value of log |, is then 
BIN. 

Detection of Long Needle-like Targets in a Hori- 
zontal Plane by a Set of Parallel Traverse Lines 

Length of target = l, traverse spacing = s. Let 

Case No. 1: Long targets randomly oriented in 
azimuth in a horizontal plane. The respective prob- 
abilities that the target will be crossed n times, P,, 
or at least n times p,,, are 


Dn = 2a" [{r? — (n— — (n—1)cos* (n—1)r*] 
when n = 7, 
n cos? nr* — (n — 1)cos* (n — 1)r7] 


Curves for the cases n = 1 and n = 2 are plotted 
in Fig. 6. 

Case No. 2: Needle-like targets non-randomly 
oriented. In this case a weighting factor p(@) needs 
to be applied to the probabilities p, and p,, above. 
Let the probability of an azimuth angle between @ 
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and 6+dé@ be represented by p(@)dé, where 6 = 0 
represents the direction perpendicular to the tra- 
verse lines. Then the probability that precisely n 
intercepts will occur is 

Pn = J"P (0) Pn(O) dd 


and similarly 


(0) Dns (0) dé 


2 
If, for example, p(@) = — cos9#, about 82 pct of the 
T 


targets are oriented within 45° of the most probable 
direction. The formulas for p,, p,, for this case are, 
for several values of n, 


Il 


4 1 2} it 
2 3 6 


4) 1) | ,L=r 


4 | 1 il 
2=—| ——cos*r* — — (r’?— 4) 1 
4 1 
Pz, = — | cos — 
T 
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Figures of Merit for Detection Disc Target 

In Fig. 7, figures of merit are compared for the 
detection of a circular disk by a single set and by 
a double set of orthogonal traverse lines. It is as- 
sumed that at least two crossings of the target are 
necessary for discovery. 

d = diameter of target, s = traverse spacing. 

Case No. 1: For the single set of traverses, the 
probabilities of n intercepts (n = 1, 2,3 ....) are 


p= d/s, d=s 


Pi. = d = 
or in general 


= d/s— (n—1), (n—1)s=d=ns 
Pn, = 1, ==! 


Case No. 2: For a set of orthogonal traverse lines, 


the probabilities of n intercepts (n = 1, 2, 3,... .) 
are 
d d 
Pi — 1 = d Ss 
S 
d d 
Pi, =2——-—,d=s 
d=s 


when d=s 
Do = 


The figure of merit as defined in the text is the 
probability of discovery divided by the direct cost 
of search pattern employed. This cost is assumed to 
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be proportional simply to its length, so that the 
cost or a single set of parallel traverses over a 
given area is 


and for a double, orthogonal, set 
K 
C= 2 — 
where K is a constant factor. Omitting this con- 
stant, the respective figures of merit are 


= Sp 
Ss 
F, 


for the single and double set. 
in Fig. 7, the graphs represent 
(1) solid curve, single set of traverses: 


d 
F, = — | — 


Computation of Optimum Traverse Spacing under 
the Postulated Conditions 

For targets of length between | and | + dl, let Np 
represent the expected number discovered, each of 
value V(l). The total expected value discovered 
then may be written 


Vo = N,(1) V (1) dl 


It is assumed that V(l) = ai*, and that at least two 

crossings are required for discovery. If p(l)dl is the 

probability of the occurrence of a target of length 

between and 1+ dl, and the probability 

of discovery, 

written 


then the formula above may be 


Vo=N.J P. p(1) al'dl , 


where N, is the total number of the orebodies in 
the specified area of search. The cost of search is 


K 

assumed to be C = — (neglecting overhead and 
§ 

other non-direct costs). Thus the profit ratio G is 


Wis ( 1) Fal 
—- = Ss — 


Within a constant factor, this quantity is plotted in 
Fig. 9 for the probability distribution »(l) shown 


in Fig. 8, and for the function P, (es) shown in 
Fig. 6. 


K 
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FREEPORT SULPHUR COMPANY'S OFFSHORE VENTURE 


THE GRAND ISLE MINE 


he Grand Isle sulfur mine is located in the Gulf 
T of Mexico, approximately seven miles off the 
coast of Grand Isle, Jefferson Parish, La. The deposit 
is on acreage covered by oil, gas, and mineral leases 
originally issued in favor of Humble Oil & Refining 
Co. by the State of Louisiana which were con- 
tinued, maintained, and redesignated by the U.S. 
Department of the Interior after passage of the 
Outer Continental Shelf Lands Act. 

The sulfur deposit was discovered in 1949 when 
Humble Oil & Refining Co. penetrated more than 
200 ft of sulfur-bearing limestone in a zone be- 
tween 1813 and 2075 ft below sea level. In 1954, 
Humble drilled ten more sulfur prospect holes, 
eight of which encountered sulfur ore. 

On September 19, 1956, Freeport Sulphur Co. ac- 
quired from Humble Oil & Refining Co. the sulfur 
rights underlying the tracts, and the actual design 
of the installation began the same month. The first 
structural contract was awarded in December 1957 
and offshore erection began in June 1958. The 
initial phase of construction has been completed and 
production by the Frasch process commenced in 
April 1960. The estimated total cost of the project is 
$30 million, of which $8 million is the extra cost 
incurred by the necessity of offshore operations. 
More than $22 million was expended before pro- 
duction was started. 


GEOLOGY OF DEPOSIT 

Grand Isle is the third largest sulfur deposit in 
the U.S. The orebody embraces several hundred 
acres, but its outer limits are yet to be defined to 
the northeast, east, and south. 

Most Gulf Coast sulfur deposits occur in a caprock 
mantle of calcite (referred to as limestone), anhy- 
drite, and occasionally gypsum, which covers the 
apex of an intrusive mass of salt. Commercial quan- 
tities of sulfur are usually confined to the calcite or 
limestone member. Most often such limestone is 
completely enclosed by dense anhydrite below and 


Z. W. BARTLETT is Vice President, C. O. LEE is Assistant Vice 
President and Senior Consulting Engineer, and R. H. FEIERABEND is 
Assistant Vice President, Freeport Sulphur Company. 
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impervious sediments above, which effectively form 
a closed reservoir. 

The depth of the Grand Isle orebody ranges from 
1800 ft to 2500 ft below sea level. Within the present 
boundary, the sulfur-bearing limestone varies in 
thickness from 220 ft to 425 ft, while the sulfur 
content varies an average of about 15 pct in the 
leanest hole to an average of about 30 pct in the 
richest. Rock containing less than 5 pct sulfur is 
not classed as ore, and holes assaying less than 20,- 
000 long tons per acre of sulfur in place are not 
considered commercial offshore. The sulfur enrich- 
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Location map of the Grand Isle mine and other Freeport 
sulfur mines in the Gulf Coast area of Louisiana. The 
depth of water at Grand Isle is approximately 50 ft. 
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ment is not particularly high, but the thickness of the 
orebody is substantially greater than other deposits 
in the Gulf Coast area. Though strictly a geological 
curiosity, one exploratory well cut 75 ft of low-grade 
sulfur-bearing rock at 7495 ft below sea level, the 
deepest occurrence of elemental sulfur yet en- 
countered in the Gulf Coast. 

The gangue rock in the sulfur-bearing horizon 
is typically a blue-gray to black, moderately hard, 
fine-grained fractured limestone which has been 
re-cemented by white secondary calcite and sulfur. 
The rock is dense to vugular, porous, and highly 
permeable. The sulfur occurs in crystalline masses, 
in vugs, in disconnected veinlets, and as dissemina- 
tions throughout the rock. Due to traces of oil occur- 
ring within this structure, the sulfur is discolored. 
The limestone also contains lenses of marl and shale 
plus minute amounts of gypsum. Several cavities 
have been found in the sulfur horizon, the largest of 
which is 18 ft in vertical extent. 

The barren, or non-sulfur-bearing, limestone cap- 
rock that overlies the sulfur horizon ranges in 
thickness from 0 to 260 ft, average thickness being 
about 100 ft. It is permeable, porous to moderately 
dense, medium gray limestone with white secondary 
calcite cementing small cracks and fissures. 

Anhydrite underlies the sulfur horizon and varies 
from 29 to 190 ft in thickness. It exhibits the typical 
saccharoidal texture found in Gulf Coast salt domes. 
The rock is generally dark gray, hard, and dense 
with occasional fractures that sometimes contain 
traces of oil and sulfur. Below the anhydrite, rock 
salt occurs to an unknown depth. 


FRASCH PROCESS 


In the Frasch process, the sulfur-bearing forma- 
tion is pierced by a series of drill holes into which 
a number of concentric pipes are inserted. Water, 
heated under pressure to about 325°F, is injected 
into these wells and forced into the ore zone. As the 
hot water percolates through the formation, it 
gradually gives up its heat to the rock. When the 
temperature of the sulfur and the enclosing rock 
exceeds 240°F, the sulfur melts, separates from the 
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rock, and flows downward by gravity through the 
heated channels to the bottom of the well—the site 
of water injection. Here the sulfur separates from 
the incoming water, for the specific gravity of sulfur 
is approximately twice that of water. After a pool or 
reservoir of liquid sulfur accumulates at the well 
bottom, the sulfur rises in one of the concentric 
pipes and is brought to the surface by means of an 
air lift. 

The limestone caprock, saturated with water and 
enclosed by impervious formations, constitutes an 
equivalent of a pressure vessel. For the purpose of 
avoiding a buildup in pressure, a volume of water 
equal to the volume injected must be withdrawn. 
To accomplish this task and yet not withdraw the 
heated water (which tends to rise to the upper por- 
tions of the dome), additional wells are drilled along 
the deeper flanks of the dome to withdraw the 
heavier cold water which accumulates there. 


GENERAL DESCRIPTION OF FACILITIES 

The basic facilities for the Frasch process are the 
same whether onshore or in the Gulf of Mexico. 
However, three major design problems made the 
Grand Isle venture unique: 


1) The 50-ft water depth at the mine location 
and the extremes of weather in the Gulf imposed 
special problems in the design and construction of 
foundations. 


2) Historically, the Frasch industry has been 
dependent on fresh water in large quantity. Since 
the nearest unlimited source of fresh water—the 
Mississippi River—is 25 miles away, some means 
had to be found to mitigate this need. 


3) A _ safe, reliable, all-weather system was 
needed to get the sulfur inshore for storage. 


The consideration of these factors and the solu- 
tions to the problems they provoked are reflected 
in the physical plant layout of the mine. The major 
units of the Grand Isle installation are set on steel- 
pile-supported platforms raised 60 ft above the 
water and connected by a series of 200-ft-long 
bridges. As shown in the drawing above, the final 
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layout will form a Y, oriented east-west. Large 
Individual platforms support the steam-generating 
plant, warehouse and shop, the drilling and produc- 
tion station, bleedwater wells and disposal system, 
offices, and living quarters. Small platforms or tow- 
ers serve as piers for the bridge spans which connect 
the various large platforms. One small platform has 
been constructed to serve as a heliport. 

The bridge spans, 200 ft long, 15 ft wide, and 
15 ft deep, are supported by four-pile 50x50-ft 
towers. The 12-ft wide roadway on top of the bridges 
was designed for a seven-ton moving load, per- 
mitting the use of rubber-tired equipment for trans- 
portation of personnel and materials. 

Pipelines, located on the bottom chord of the 
bridges, carry heated seawater from the heating 
plant to the production platform for injection into 
the producing wells. In turn, liquid sulfur and air 
from the wells flow to a control station located on 
the lower deck of the drilling platform. After the 
air is released, the liquid sulfur is pumped through 
a heated, submerged, high-pressure pipeline seven 
miles to shore. Onshore the sulfur is loaded into 
insulated barges and towed 25 miles to Freeport’s 
central storage and distribution point at Port Sul- 
phur for shipment to customers. 


STRUCTURAL DESIGN FEATURES 


The major factors which controlled structural 
design included: wind forces, wave forces, founda- 
tion conditions, subsidence, and corrosion. 

Winds, Waves: Line squalls cause occasional short- 
lived winds of 50 to 90 mph, but huricane winds 
which have velocities above 75 mph are the greatest 
hazard. Since 1893, three hurricanes have passed 
directly over the site of the Grand Isle mine. Eight 
additional hurricanes with winds from 100 to 128 
miles per hour have passed within 30 to 160 miles 
of the mine site since 1916. Hurricane “Audrey” of 
June 27, 1957, passed 125 miles west of the site and 
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Location of Humble’s prospect holes and outline of the 
orebody. The depth contours are on top of the caprock. 
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Plan of mining facilities. 


in its path, wind velocities of 105 mph were recorded 
with gusts up to 140 mph. Consulting meteorologists 
have predicted that winds of 120 mph will occur at 
the mine site at an average frequency of once each 
100 years, and sustained winds of 100 mph will occur 
once each 10 years. 

Meteorological and oceanographic analyses indi- 
cate that 105 mph winds will generate a breaking 
wave with a crest at an elevation about 45 ft above 
the Mean Gulf Level (MGL) at the mine site. In 
addition, studies show that this condition is likely 
to occur at an average frequency of once each 20 to 
30 years. At the crest of the maximum wave, 45 ft 
above MGL, calculations indicate that the force on 
the piling is 1375 lb per sq ft. Wave damage to struc- 
tures in the path of hurricane ‘‘Audrey” tended to 
confirm these predictions. 

For design purposes, a wind force of 50 lb per sq 
ft, which can be exerted by sustained winds of 110 to 
115 mph, plus wave forces which can be generated 
by a 43-ft breaking wave, were selected. Combining 
these live forces with known dead loads, all struc- 
tures were designed in accordance with the AISC 
code, which allows maximum stress in steel of 27,000 
psi for combined live and dead loads. 

Foundation Conditions:’ Eight soil borings were 
made at the mine, seven to a depth of 250 ft below 
MGL and one to a depth of 200 ft. Below the Gulf 
floor they penetrated from 168 to 185 ft of soft to me- 
dium stiff clays, which overly 20 to 36 ft of very 
dense sand. 

While the deeper sand stratum under the Gulf 
floor shows excellent bearing capacity and would 
permit a minimum of piles, the number used was not 
determined by their supporting strength alone. Other 
important points to consider were framing of the 
deck structure, underwater bracing, and particu- 
larly, the bending stresses induced above and below 
the submerged bracing by horizontal wind and wave 
forces. Pile size and penetration were determined 
in laboratory from boring samples; 30-in. OD steel 
pipe piles proved to be the economical design and 
required a minimum of bracing in the zone exposed 
to storm wave forces. 

Subsidence: At most sulfur mines which employ 
the Frasch process, the removal of the sulfur weak- 
ens the host rock sufficiently to cause it to collapse. 
Since the overlying sediments offer little resistance, 
the surface ultimately subsides. 


93 


| 
| ees 
= 


Many factors determine the size and shape of the 
subsidence basin at the surface: the volume and 
rate of sulfur removal; character of the over- 
burden; depth, thickness, and areal extent of the 
mine workings; and the time elapsed since mining 
started. Observations made at Freeport’s Grande 
Ecaille and Garden Island Bay mines indicate that, 
in this area of the Gulf Coast, the average angle of 
failure of sediments between the surface and the 
orebody is about 50°, and the volume of surface 
subsidence is about 1.25 times the volume of the 
sulfur removed. 

Calculations indicate that after depletion of the 
Grand Isle deposit, vertical surface subsidence 
of 43 to 45 ft will have occurred above the center of 
the orebody. Such subsidence will form an elliptical- 
shaped basin that will extend outward from the 
center for a distance of 3500 to 5500 ft. Due to this 
settling of the surface, the first two production plat- 
forms will subside approximately 25 ft. Similarly, 
the living quarters will settle 5 ft and the heating 
plant, about 3 ft. 

In addition, the vertical settlement is accompan- 
ied by horizontal creep of shallow sediments toward 
the center of the basin. Structures on the slopes 
of the basin are expected to be displaced horizon- 
tally about the same amount that they settle. 

To provide for such vertical and horizontal move- 
ment, special plans were made. The production plat- 
forms will be salvaged and reconstructed at their 
original elevations after 10 to 15 ft of settling has oc- 
curred. Because the bridge piers are subject to con- 
siderable subsidence, the tower legs were con- 
structed so as to permit the bridges to be jacked up 
and levelled whenever necessary. The bridges are 
long enough to permit 3 ft of differential horizontal 
movement between towers. The power plant and 
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Drawing of project when completed. Except for one production arm, 


living quarters are within the anticipated subsidence 
basin but are near the edge of the basin where sub- 
sidence should be less severe. To have located them 
outside the basin would have added substantially 
to the cost of construction. Extra structural mem- 
bers were required on all installations to withstand 
stresses induced by differential horizontal movement 
of the shallow sediments. 

Corrosion: Steel structures located offshore are 
subjected to three different corrosion environments: 
the totally submerged zone, the splash zone imme- 
diately above and below the water line, and the 
salt-air zone above the splash zone. 

In the totally submerged zone, cathodic protection 
has proven to be a very simple and effective method. 
With a source of alternating current available, only 
a rectifier and properly spaced, buried graphite 
anodes are required. 

In the splash zone, a 10-ft range from 2 ft below 
to 8 ft above water, the steel surfaces are alter- 
nately wet and dry. In this changing environment, 
cathodic protection fails to function and protective 
coatings are almost impossible to maintain. Rather 
than fight corrosion, it was decided to add sufficient 
metal thickness to provide a safe structural section 
for 30 years. At the observed corrosion rate of 0.025 
in. per year, this meant adding 34-in. extra steel in 
the splash zone. Actually, %g-in. structural plate con- 
taining 0.2 pct copper was rolled and welded as a 
protective jacket outside the structure leg. Where 
considerable subsidence is expected, the thickness 
of the double plate is somewhat less because, as the 
structure sinks, the leg enters the cathodic protec- 
tion zone. 

An inorganic zinc silicate was chosen as the pro- 
tective coating in both the splash and the salt-air 
zones after investigations revealed its performance 
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The project as it appeared in early May, 1960. Left to right: power plant, living quarters, heliport, production 


platform. Bleedwater platform (upper left) is operated from main installation by remote control. 


for periods up to seven years without failures on 
various oil company structures in the Gulf. The 
coating comprises a reactive silicate liquid and a 
finely divided zinc powder that are mixed together 
before application. The surface must be blasted to 
“white metal” using an abrasive that will produce an 
anchor pattern of from 0.5-1.5 mils. This is neces- 
sary because the optimum thickness of the coating 
is 2.5 mils. After air drying for one to two hours, 
the coating is cured by spray saturation with a spe- 
cial solution which forms a chemical bond between 
the coating and the steel in addition to the mechani- 
cal bond. The coating is ready for service twenty- 


Crane setting the Y tower deck section on piles driven 
through and cut off just above the template legs. 


four hours after application of the curing solution. 
Its physical properties are outstanding: it has ex- 
cellent abrasion and impact resistance; it is un- 
affected after prolonged weathering in marine at- 
mosphere; and it is resistant to burn-back during 
welding. This last property was particularly impor- 
tant, for it permitted individual members of the 
structure to be sandblasted and coated before fab- 
rication. Approximately 870,000 sq ft of steel were 
coated at a cost of $0.50 per sq ft. 


BASIC STRUCTURES 

The structures which support the installations are 
composed of three elements: template, piling, and 
deck section. The construction method employed and 
described below is the standard method used for 
permanent offshore oil platforms. 

The template, 80 pct of which is below the surface 
of the water, serves two purposes: it provides a pat- 
tern spacer and guide for driving the piling which 
actually supports the structure, and it acts as under- 
water bracing for the piles against lateral forces 
imposed by winds and waves. The vertical members 
of the template are 34-in. OD pipe; the cross brac- 
ings, 12-in. OD pipe. The templates were positioned 
accurately by transit and levelled by weighting the 
high side. When in the proper position, the 34-in. 
diam template legs extended approximately 10 ft 
above sea level. The template weight was supported 
temporarily on the mud bottom by timber mats at 
each corner. 

Once the template was in position, a 30-in. OD 
pipe pile was inserted through each 34-in. leg and 
driven 170 ft into the subsoil. After the piles were 
driven to “refusal” in the sand stratum below the 
Gulf floor, the tops of the template legs and piles 
were welded together and the annulus grouted. 
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Thus, the weight of the structure is transferred to 
the piling and the template becomes underwater 
bracing for the piling. The piles were cut off at a 
convenient predetermined elevation above the tem- 
plate legs and then made ready to receive the third 
element—the deck section. 

The prefabricated deck sections were installed by 
inserting the deck section legs into the open-end 
piles, after which the legs were welded to the piles. 
The three elements—template, piling, and deck sec- 
tion—are thus joined into a single unit. 

Some 10,000 tons of steel and pipe have been used 
to date. Over 38,000 ft of 30-in. diam pipe have been 
used in piling and supporting legs as well as 40,000 
sq ft of grating and more than 1,000,000 bd ft of creo- 
soted lumber. 

The large templates and deck sections were 
fabricated onshore and carried by barge to the con- 
struction site. Some of the largest lifts in the history 
of construction were made for emplacing these 
structures. The template for the production and 
bleedwell platforms measured 200 ft long, 106 ft 
wide, and 75 ft high. Weighing 450 tons, it was set 
in a single piece by using two 250-ton cranes. The 
power plant deck, made in two sections weighing 
650 tons each, took the contractor only seven hours 
to place atop piles cut off 50 ft above the water level. 

Rental on such heavy marine equipment ap- 
proaches $20,000 per day and its use is subject, of 
course, to all the vagaries of wind and weather. 
However, only one day was lost due to bad weather 
conditions during the entire offshore erection period, 
which totaled 59 working days. 


View of power plant construction. An 800-ton crane emplaced the two 650-ton deck sections in seven hours 
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HEATING PLANT 

The heating plant, the third largest Frasch plant 
in the world, is designed to deliver an average of 
5,000,000 gal of 325°F water per day with a maxi- 
mum capacity exceeding 5,500,000 gal daily. Under 
average operating conditions it will burn 13,000,000 
cu ft of natural gas daily, produce 360,000 lb of 
steam per hour at 600 psig and 600°F, generate 
4500 kw at 2400 volts, and compress 2500 cfm of air 
to 1000 psig. Plant efficiency at full load is expected 
to be 93.5 pct, a 6.5 pct loss attributed to radiation 
and stack losses. The heating process and plant are 
designed to operate efficiently with water of any 
salinity ranging from fresh water to concentrated 
brine solutions. 

Seawater Process: It was apparent many years ago 
that the development of future sources of sulfur 
located in tidewater areas near or in the Gulf of 
Mexico would be virtually impossible unless the 
dependence on a large source of fresh water were 
overcome. Freeport spent eight years of research 
on the problem of heating salt water, a project 
which culminated in 1952 in the construction of 
the Bay Ste. Elaine plant—the first and only com- 
mercially successful plant to heat salt water for the 
Frasch process. The basic seawater-heating process 
was described in an earlier article.* 

Seawater, averaging about 75°F, is sprayed into 
the top of preheater towers and percolates down- 
ward through two beds of ceramic rings. In the up- 

* “Development and Operation of Sulphur Deposits In The Louis- 


iana Marshes’’ by Bartlett, Lee, and Feierabend. Mininc ENGINEER- 
inc, August 1952. 


per bed the water temperature is raised to 140°F by 
upward-flowing stack gases from the boilers; in 
the lower bed the water temperature is increased 
to 190°F by heat supplied from six specially de- 
signed air-gas pre-mix burners located beneath 
the lower bed of packing. After leaving the tower 
the water is picked up by high pressure centrifugal 
pumps and forced through 20 tubular heat ex- 
changers. It leaves the heat exchangers at 325°F 
and 400 psig, which is sufficient pressure to 
force it into the sulfur wells. Steam is supplied to 
the heat exchangers from turbines which exhaust 
at 50 to 100 psig. The exhaust steam is supplemented 
whenever necessary by additional steam from a 
makeup station. 

The condensate is returned to the boilers in a 
closed system. A small quantity of condensate may 
be lost and two single-stage flash evaporators are 
provided to produce up to 40 gallons per minute each 
of distilled water from the 190°F seawater circuit. 
Total capacity of the evaporators is 11 pct of maxi- 
mum feedwater flow. Should conditions warrant, 
fresh water in this small quantity can be processed 
through the evaporators. 

Description of Equipment: The heating plant 
platform measures 180 ft long by 175 ft wide. It 
is composed of two decks, the lower of which is at 
an elevation 55 ft above MGL and the upper deck, 
75 ft above MGL. The pump room and water-treat- 
ing facilities occupy the lower floor; the top deck 
is the main operating level. A building houses the 
generators, air compressors, chemical storage, op- 
erating controls, a warehouse, and machine shop. 
Boilers and preheaters are also located on the top 
deck but are not housed. The 20 tubular heat- 
exchangers are located on the roof of the generator- 
compressor building. 

Four Riley Type RX-15 pressurized furnace 
water-wall boilers, each having a capacity of 90,000 
lb of steam per hour, are provided. The steam is 
generated at a pressure of 600 psig and a tempera- 


MINE WATER 
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ture of 600°F is attained by super heating. The 
boilers are designed for natural gas firing only. 

A mine water preheater tower of Freeport’s own 
design is provided for each boiler. The preheaters 
stand 60 ft high and are 12 ft in diam. Each is 
packed with two beds of ceramic rings and is 
equipped with six North American, 7,000,000 Btu- 
per-hr burners to supply the additional heat to 
raise the water from 140°F to 190°F. 

There are 27 items of turbine-driven equipment 
including three full size boiler feed pumps, four 
induced draft fans, four mine water pumps, and 
three deepwell-type seawater pumps. These turbines 
develop from 300 to 500 hp each, use 600 lb of 600°F 
throttle steam and exhaust at 50 psig. 

Electrical power generating capacity is 5300 kw. 
There are three EMC 1500 kw steam turbine-driven 
geared generators. Seven-stage Worthington tur- 
bines operate at 5500 rpm and the generators, with 
direct-connected exciter, at 1200 rpm. These turbines 
exhaust at 100 psig with one uncontrolled extrac- 
tion point after the third stage. The uncontrolled 
extraction, at approximately 190 psig and 30 pct 
throttle flow at full turbine load, is used for feed- 
water heating. 

In addition, for standby and startup, there is a 
1000-hp Clark TA gas turbine which drives an 800- 
kw Elliot generator. Gases from the turbine exhaust 
to the furnace of one of the boilers to supply pre- 
heated combustion air. Full load exhaust from the 
gas turbine will supply enough hot combustion air 
to support approximately 75 pct boiler load; the 
power generated by the turbine represents virtually 
a byproduct. 

Three Clark CMA-4 motor-driven compressors, 
specially balanced to prevent vibration, are pro- 
vided. These units are rated at 830 cfm of free air 
at 1000-psig discharge pressure and each is driven 
by a 350-hp synchronous motor. Vibration-free 
performance is essential on the platform since, in 
effect, the equipment is 120 ft above the ground. 


PUMPS GENERATORS 


TURBINES 


20,000 LBS/HR. @ 100 PS.1.6. 
STEAM FOR HEATING 


LINES, TS 


STEAM AT 
600 PSIG 


AIR INLET 


3,000,000 CUBIC FEET/ DAY 
AIR AT 1000 PSIG. 


LIFT AIR 
COMPRESSORS 


BOILERS 


5,000,000 GALS PER DAY @ 325° F 


MINE WATER 


{| HEAT EXCHANGERS 


CONDENSATE 
| PUMPS 


TO WELLS 


CONDENSATE 


70° F 
| 
| BOILER STACK GAS 
| 
| AIR = 
|| 
AIR DRAFT FANS 
SEAWATER BLOWERS 
PUMPS 
= CONCENTRATED 190° 
NoCl BRINE — 
< o 
« 
MINE WATER 
< PUMPS 
w 
SEA WATER 
EVAPORATORS 
NATURAL GAS 
13 MILLION CU. — = 


FT. PER DAY 


Flow diagram of heating plant. 


97 


| 


MINE WATER fi! 
PREHEATERS | | 


ut 


SHOPS 


RADIAL ORILL | > 


MILLING 
MACHINE LATHE 


METAL 


id 
= il > 


HEAT EXCHANGERS | | 


BOILERS 


()) 


2300 VOLT 
LOAD CENTER 


d 
ELEV+ 75 


BATTERY 
BOILER FEED CONDENSATE seid 
PUMPS PUMPS 


ELEV.+55' 


| 


Section through heating plant. 


Water-treating equipment includes two contin- 
uous-flow water softeners, each 13 ft high with 
a 26-ft diam, equipped with dry chemical feeders. 
These units treat a concentrated brine solution for 
use in modifying the chemical composition of the 
seawater. Chemical feeding equipment is provided 
to supply oxygen-scavenging chemical to the pre- 
heated water. 

A complete instrument and control system is 
provided to permit one operator to control and 
monitor the operations of all major equipment. 
These controls include complete combustion control 
equipment for all boilers, temperature and pressure 
regulators, and pump controls and a complete an- 
nunciator system to detect off-normal conditions. 
Four men plus a laboratory technician will operate 
the power plant. 


DRILLING AND PRODUCING FACILITIES 


The Frasch process requires simultaneous opera- 
tion or steaming of a number of wells. It is impossi- 
ble to predict how long any well will operate 
satisfactorily and how much it will produce. There- 
fore, to allow the capacity of the heating plant to be 
utilized at all times, wells must be drilled and 
equipped in advance of their actual need for pro- 
duction. At Grand Isle the wells are directionally 
drilled from a multi-well platform; thus the well- 
heads are concentrated in a small area while the 
bottom hole locations can be widely scattered. 

Freeport directionally drilled sulfur wells as far 
back as 1944 at Hoskins Mound. Over the past few 
years directionally drilled sulfur wells have become 
routine at Bay Ste. Elaine and at Chacahoula. Al- 
though cost of deflected holes rises rapidly with 
depth and horizontal deviation, at Grand Isle where 
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all wells will have a true vertical depth of approxi- 
mately 2200 ft, horizontal deviation amounting to as 
much as 1250 ft from the surface location is expected 
to prove economical. Maximum angle of drift will be 
about 55° from the vertical and maximum buildup 
of drift angle will be 5° per 100 ft of depth. Table 
I shows the data for the first ten production wells. 
Each production platform will have openings to 
permit drilling from 36 surface locations on 11-ft 
centers. No more than 12 of these wells, however, 
will be in use at any one time. After a producing 
well has been depleted of sulfur, the pipe will be 
salvaged and the bottom portion of the well will 
be plugged and abandoned. The salvaged conductor 
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Plan view of top deck of heating plant. 
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Production platform (foreground) is 1000 ft from the 


bleedwater platform, which is shown under construction. 
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Scale model showing plan for directional drilling from 
a production platform. Each rod represents one well. 


pipe and surface casing will be re-used and another 
hole will be sidetracked in a different direction. 
Each of the 36 surface locations will be used three 
times, permitting the drilling of 108 wells from each 
platform. Bottom hole spacing will be approximately 
175 ft. Because the area drained by any one well 
is quite limited, it is expected that four platforms 
may be required to give complete coverage of the 
dome. Furthermore, each platform will be rebuilt 
and relocated one or more times during the life of 
the mine. 

Drilling-Production Platforms: About  three- 
fourths of the top deck, which measures 116x224 ft, 
is occupied by the drilling machinery and its auxil- 
lary equipment. The remaining area contains a 
change room for crews, a tool house, a pipe threader, 
and pipe storage racks. The center bay of the lower 
deck contains the operating or producing sulfur 
wellheads and piping. The drilling mud system— 
pumps, shale shaker, desander, and mud _ pits—is 
along one side of the platform. The relay or well 
control station is on the lower deck beneath the 
pipe reworking shop. 

Light-duty oil-field drilling equipment is used. A 
conventional derrick, 129 ft high with a 24-ft base, 
is mounted on a double substructure. One sub-base 
can be moved longitudinally along the platform 
while the other sub-base can be moved at right 
angles to the length of the platform. The derrick 
and machinery can thus be moved easily and quickly 
to any location on the platform. The 300-hp Model 
F-30-D Ideco double-drum draw-works, capable of 
drilling to 5000 ft, is permanently mounted on the 
derrick floor. The pipe racks can be located on 
either side of the derrick which precludes the neces- 
sity of turning the derrick around when it is used 
near the end of the platform. The 16-in. blowout 
preventer is under the derrick floor on the top 
deck of the platform. 

Drilling mud from the well returns through per- 
manently installed troughs in the main derrick 
substructure and beneath the platform floor. A 300- 
hp 8x14-in. mud pump and a 150-hp 6x12-in. stand- 
by unit are provided. Mud storage capacity totals 
750 bbl in two tanks. Centrifugal pumps are used 
for the purposes of mixing, transferring, supercharg- 
ing, desanding, etc. 

Two American 30-ton capacity, pedestal-mounted, 
diesel-powered cranes handle pipe and materials 
between barges and platforms in addition to doing 
other work on the top deck, such as changing air- 
lines in producing wells. 

All drilling equipment is powered by electricity 
generated in the heating plant. Personnel safety, 
elimination of the fire hazard inherent in internal 
combustion engine fuels, lower operating cost, and 
greater reliability led to this selection of power 
sources. A-c power is supplied through a 2300-v 
cable to the platform where it is converted to d.c. 
by motor generator sets—a 450-hp, 2300-v, a-c 
motor driving two 300-hp d-c generators. All d-c 
generators and motors are interchangeable. Speed 
of the traction-type d-c motors is controlled through 
variable excitation on the generator field. The driller 
operates all major pieces of equipment through a 
control panel mounted on the drawworks. 

The casing program is designed for safety and for 
ease in reworking and re-use. The 24-in. conductor 
pipe is driven to “refusal” and braced into the struc- 
ture immediately above the water line; 400 to 600 ft 
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of 16-in. surface casing is then set and cemented, be- 
low which deflection of the borehole begins. Ulti- 
mately, 133g-in. casing is set and cemented at the 
1500-ft level. Other equipment is sized according to 
the water injection rates and the sulfur-air return 
rates. 

In reworking a well, as much water liner and 
sulfur line as possible will be recovered before 
permanent abandonment plugs are set. Attempts 
will then be made to remove at least 100 ft of the 
pipe below the 1334-in. casing in order to have clean 
open hole exposed in the sediments above the cap- 
rock for a new deflection. 

Control Stations: Sulfur mines onshore usually 
have long surface pipelines connecting each well 
with the control station. At the Grand Isle mine the 
control station is located on the same platform that 
contains the well-heads and therefore only short 
surface lines are necessary. Hot water to individual 
wells is piped through a header system and down 
each side of the center bay of the platform. Takeoffs 
for each well incorporate water metering and con- 
trolling devices. Water flow rates are adjusted in 
the control room by means of remote motor-operated 
valves, and the volume is recorded by orifice meters. 
Similarly, liquid sulfur from each well is piped 
along the sides of the center bay into one of two 
40-ton capacity collecting tanks and then pumped to 
shore installations. 


SULFUR STORAGE AND TRANSPORTATION 


Sulfur produced from the Grand Isle mine moves 
through the same storage and loading installations 
at Port Sulphur which are now used by two of 
Freeport’s other mines—Grande Ecaille and Garden 
Island Bay. Liquid sulfur is barged to Port Sulphur 
from these two mines, respectively 10 and 50 miles 
away, and unloaded into storage tanks. Similar 
plans have been made for production from the 
Lake Pelto mine, now under development 80 miles 
from Port Sulphur. 

Some of the sulfur is transferred from the tanks 
for liquid shipment to customers, but most of it is 
pumped to vats and allowed to solidify in huge 
blocks or bins which serve as bulk storage. For 
ultimate shipment to consumers, the blocks are 
broken down by power shovels and bulldozers, and 
the solid sulfur is conveyed by belt to railroads or 
to barges and ships in the Mississippi River. 

The transportation of sulfur from the Grand Isle 
mine is complicated by the effects of weather at the 
exposed location as well as the impracticability and 
high cost of erecting sulfur storage and loading 
facilities at the mine site. Detailed studies of various 
means for transporting the Grand Isle sulfur to Port 


Table |. Production Well at Grand Isle Mine 


Horizontal 


Depth Deflection 
Distance 
Of Well Maximum 
Measured True Bottom from Angle 
Well Depth Along’ Vertical Surface from 
Number Borehole, Ft Depth, Ft Location, Ft Vertical 
i 2583 2189 859 48° 30 
2 2588 2241 773 42° 45 
a 2662 2284 866 42° 00’ 
4 2740 2290 950 45° 45’ 
5 2686 2261 970 44° 30’ 
6 2862 2331 1063 52° 30’ 
uf 2637 2139 1069 50° 30’ 
8 2330 2012 683 45° 00’ 
9 2436 2089 764 43° 45’ 
10 2544 2020 1062 56° 45’ 
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Sulphur included: 1) the pumping of liquid sulfur 
through a pipeline to Port Sulphur, 2) the pumping 
of a sulfur-water slurry to Port Sulphur where the 
sulfur would be reclaimed, 3) use of an aerial tram- 
way to Grand Isle, and 4) the use of liquid sulfur 
barges and self-propelled sulfur tankers of various 
capacities. These studies indicated that the most 
economical, reliable, all-weather means of getting 
the sulfur to Port Sulphur is by pipeline from the 
mine site to Grand Isle, La., and then by liquid 
tank barges from Grand Isle to Port Sulphur. 
Underwater Pipeline: The pipeline, extending 
approximately seven miles from the power plant at 
the mine to a barge-loading wharf situated inshore 
at Grand Isle, La., will be buried about 5 ft be- 
low Gulf bottom. It will consist of three pipes: a 14- 
in. OD protective casing, a 754-in. OD hot water jack- 
et line, and a 6-in. OD sulfur line. Liquid sulfur is 
pumped through the 6-in. pipe while hot water is 
pumped through the annulus between the 6-in. and 
the 75s-in. pipes. The annulus between the 75%-in. 
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Schematic diagram of the offshore. transportation sys- 
tem employed to carry the sulfur from mine to barges. 


and 14-in. pipes provides space for a 214-in. thick- 
ness of thermal insulation and a small air gap. The 
weight of the 6-in. and 75g-in. pipes is carried by 
ball-bearing rollers spaced approximately every 19 
ft along the line. The rollers afford a means of push- 
ing or pulling the inner lines through the 7-mile- 
long, 14-in. casing and allow virtually frictionless 
differential movement between the two sets of lines. 

The entrance temperature of both the sulfur and 
water at the mine end of the pipe is about 320°F 
and the exit temperature on the shore end is about 
280°F. A sulfur entrance temperature higher than 
320°F is precluded because the viscosity of sulfur 
at such higher temperatures becomes excessive. 
Similarly, an exit temperature less than 280°F is 
undesirable because it is too close to the freezing 
temperature of sulfur. The efficiency of the insula- 
tion and the air gap which surrounds the 75%-in. 
pipe is high. It is calculated that with an average 
ambient soil temperature of 75°F, the 14-in. casing 
has reached about 110°F and that the heat loss to 
the wet soil amounts to 90 Btu per linear foot per 
hour, or about 75,000,000 Btu per day. 
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Maximum capacity of the pipeline is 4500 long 
tons of sulfur per day or 470 gpm, which requires 
a pump pressure of about 900 psig on the mine end. 
At this rate of sulfur flow, only 15 gpm of 320°F 
water is required to assist in overcoming the heat 
loss. At 2500 tons per day or 250 gpm sulfur flow, 
about 25 gpm of water is needed. For both starting 
up and when at extremely low sulfur rates, the 
water rate may reach 100 gpm, which will require 
a water pressure of 1400 psig at the plant end. At 
the shore end, the liquid sulfur flows directly into 
insulated tank barges, which are then towed over 
an inshore route 25 miles to Port Sulphur. The 
water from the 75-in. line is cooled from 280°F 
to atmospheric temperature and returned through 
a 44%2-in. OD line to the mine for reheating and re-use 
through the pipeline. To prevent. corrosion and scale 
deposition within the 754-in. pipe, the water must 
be of extremely high quality. As shown in the 
accompanying drawings, the 414-in. return line is 
strapped to the outside of the 14-in. casing. 

A 6%-in. OD pipeline, also strapped to the outside 
of the 14-in. casing, serves two purposes; it provides 
additional supporting surface for the pipeline in the 
very soft clay and, secondly, it affords a limited 
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source of fresh water for the mine. Water from the 
Mississippi River is transported as ballast in the 
barges returning from Port Sulphur and then 
pumped to the mine through this line. The quantity 
of fresh water is sufficient only for use as domestic 
water and general service water at the mine. Since 
this water is not deaerated, the dissolved oxygen 
makes it slightly corrosive; for this reason, the line 
is protected inside by a coating of cement. 

A unique feature of the pipeline is the method 
of overcoming the thermal stresses. The inner lines 
would normally expand about 55 ft when heated 
from 75°F to the 300°F operating temperature. Ex- 
pansion joints or loops are the usual means of pro- 
viding for this expansion but in a buried line, they 
may not be effective and their cost would be exces- 
sive. By eliminating all expansion joints, the con- 
struction of the line was immensely simplified. This 
task was accomplished by anchoring the pipeline in 
such a manner as to prevent the 55-ft expansion 
movement. In doing so, however, the stress imposed 
on the pipe walls exceeds the yield strength of ordin- 
ary steel. The inner lines were therefore constructed 
of a high tensile steel having a yield strength of 
about 60,000 psi. The stress in the 14-in. casing is 
much less than in the hot lines and grade X-42 steel 
having a 42,000 psi yield strength is used. 

Prior to its burial, the outer casing was placed 
in 10,000 psi tension by exerting a pull on each end 
of the casing and the ends fixed to anchor structures. 
This tensile stress was relieved when the casing 
reached its operating temperature of 110°F. 

Before the inner lines were placed in operation, 
they were heated to 225°F and allowed to expand 
approximately 30 ft. While in this expanded state, 
the ends of the lines were permanently fastened to 
the outer casing. Thus all lines were tied together, 
and their movement was prevented due to the secure 
anchoring of the outer casing. 

As the inner lines were heated from 225°F to 
their operating temperature of 300°F and their fur- 
ther expansion restricted, a compressive thermal 
stress developed. The combined stresses in the two 
inner lines at operating temperature is calculated 
to be approximately 60 pct of their yield strength. 
If the inner lines cool down below 225°F, the thermal 
stress will reverse into tension. At atmospheric 
temperature, the combined stresses will amount to 
about 70 pct of their yield strength. Longitudinal 
movement of the pipelines is thus confined and pre- 
cludes the necessity of expansion joints. 

The need for the anchor structures is only tem- 
porary. When the soil becomes remolded around 
the pipeline, the soil resistance will be sufficient to 
prevent appreciable movement, particularly on the 
shore end where it is buried in two miles of fine sand. 
At the mine end, however, the line is buried in a 
very soft clay, which will yield slightly to the pipe- 
line stresses and allow a small amount of longitu- 
dinal movement. 

Pipeline sections of 2000-ft lengths, complete 
in all details, were pre-assembled on the shore. To 
assure full-strength welds, special welding tech- 
niques were developed for the high-tensile pipe, and 
all welds were radiographically inspected and hy- 
drostatically tested. Supported by a 16-in. diam 
“buoy” pipe fastened to a cluster of lines, the entire 
pipeline was pulled from the shore to the mine site, 
2000 ft at a time, until all pipeline sections were 
connected and emplaced in a previously dug trench 
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on the ocean bottom. Fathometric survey of the line 
after completion of this stage of construction showed 
the pipeline to be well within the tolerances for 
curvature and sag. Details of the design features, 
welding, and testing procedures, plus construction 
and fabrication problems have appeared previously 
in print.* 

About two weeks were required to expand the 
lines, tie them off, and raise the unit to operating 
temperature. Actual temperature and pressure drops 
and heat losses from the system have varied only 
minutely from the design calculations. 


BLEEDWATER DISPOSAL 

Pressure tests made on the dome prior to com- 
mencement of operations indicated little, if any, 
water leakage from the caprock to the enclosing 
sediments. This necessitates the withdrawal of 5 
million gallons of cold waste water per day from the 
dome to prevent a ‘‘pressure-vessel” effect. It was 
originally estimated that eight to ten bleedwells, 
directionally drilled with bottom hole spacing of 
150 to 200 ft, would be required to remove this vol- 
ume of waste water. After further testing, however, 
the formation was proven to be more permeable than 
expected. In addition, the specific gravity of the 
connate water was substantially less than anticipated 
due to lower chloride (salt) content, a 15° higher 
formation temperature than previously expected, 
and the presence of dissolved gases (such as CO.) 
which are released as the water rises to the surface, 
thus providing a liftting effect. These character- 
istics reduced to six the number of bleedwells re- 
quired for adequate waste water removai and pre- 
cluded the necessity of pumping equipment. 

The bleedwells were drilled from a satellite 
platform—similar to the production platform put 
not connected to the main installation—located 
on the northwest flank of the dome. The exact site 
of the bleedwell platform was selected when it was 
determined that 1) the formation in this area was 
cavernous, and 2) the platform would be outside the 
orebody limits, thus minimizing the effects of sub- 
sidence on the well casings. 

The waste water has a pH of 6.6 and, except for 
the chloride content (70,000 mg:i) and hydrogen 
sulfide content (1500 to 2000 mg:1), it is similar 
to seawater. Hydrogen sulfide, the only harmful 
constituent of the bleedwater, stays in solution as 
the bleedwater flows directly from the wells to 
dilution mixers or pumps submerged 15 ft below 
the surface of the Gulf. The mixers dilute the bleed- 
water in the ratio of 150 parts of seawater to 1 part 
of well water. Hydrogen sulfide readily combines 
with the oxygen of the seawater to form harmless 
sulfates; the oxygen content of the diluted mixture 
is sufficient to reduce the hydrogen sulfide to 0.2 
mg:l. Further dilution and aeration of bleedwater 
occurs when it is subjected to the current, winds, 
and waves. So effective is this disposal system that 
only the faintest odor of hydrogen sulfide can be 
detected. Widespread sampling of the waters around 
the platform show that the hydrogen sulfide, for 
all practical purposes, is completely dissipated at a 
distance of 100 to 150 ft from the mixers. Close obser- 
vation during a period of several months has shown 

*C. M. Cockrell: The Grand Isle Sulphur Mine Heating Plant 


and Underwater Sulphur Line Design. ASME Paper No. 59-A-183, 
Nov. 1959. 


Cc. M. Cockrell and J. M. Shilstone: Design, Welding Procedure 
and Fabrication of Concentric Molten Suiphur Pipeline. Welding 
Journal, April, 1960, pp. 334 et seq. 
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The pre-assembled, 2000-ft long pipeline sections lie 
on fabrication racks prior to their emplacement in the 
Gulf. Two 8-yd clamshell dredges are shown digging 
the trench to the mine site visible in the distance. 


this operation to have no adverse effect whatever on 
the marine life. 

The waste water system is remotely operated 
from the production station through multi-conductor 
marine cables which supply power and system con- 
trols. Dilution pumps, system valves, etc., are oper- 
ated by pushbutton. Adequate overload safety de- 
vices are designed into the system as are other 
safety devices to prevent dumping large volumes 
of waste water without proper dilution. Signal control 
lights allow the operator at the production station 
to quickly observe operating conditions on the 
bleedwater platform. 


AUXILIARY FACILITIES 

Warehouse, Shops: The warehouse for storage and 
handling of operating materials, supplies, and 
emergency spare parts is on the west end of the 
heating plant platform, and it occupies an area 
45x65 ft. 

The 45x85-ft machine and maintenance shop is 
adjacent to the warehouse. Outfitted with the most 
commonly used heavy machine tools, it should be 
possible to do all preventive maintenance, routine 
repairs, and most emergency work on the equipment 
at the mine. Major equipment repairs will be 
handled in Freeport’s Grande Ecaille shops or in 
various contract shops in the New Orleans area. On 
the lower deck beneath the maintenance shop is a 
small electric and meter repair shop. 

Regular freight deliveries are made by company- 
owned marine equipment. Moorings for supply 
vessels are provided at the heating plant platform, 
the drilling-producing platform, and the bleedwell 
platform. Pedestal-mounted, 30-ton capacity, diesel- 
powered cranes are provided at each of these loca- 
tions for unloading the barges, and fork-lift trucks 
are used to handle material and pipe on the plat- 
forms and bridges. 

Communication System: Freeport was among the 
first industrial companies in the Gulf Coast area to 
use microwave radio-phone for interplant communi- 
cation. The 6575-megacycle automatic system is now 
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interconnected with the commercial telephone sys- 
tem so that by dialing his telephone any man in 
any plant can talk with any other plant, shop, 
warehouse, or office. Each property has its own 
automatic dial telephone system. The microwave 
system is supplemented by a VHF 152.87-megacycle 
short-wave radio-phone system, used primarily by 
the marine department for its widespread operations. 
Both systems have been expanded to include the 
Grand Isle mine. One microwave channel between 
Grand Isle mine and the New Orleans office is used 
for data transmission via transceivers. All ware- 
house, time, and operating data, etc., are processed 
through the company’s IBM 650 installation in New 
Orleans. 


PERSONNEL REQUIREMENTS 
About 150 employes will be required to operate 
the mine and the sulfur transportation system. Of 
these, 125 will work at the mine but only one-half 
of them will be stationed at the mine at any one 
time. Additional personnel under the supervision 
of the centralized operating offices at Port Sulphur 
and New Orleans will perform engineering func- 
tions, laboratory work, special staff and main- 
tenance work. Normally, the mine operates 24 hr 
per day, seven days a week. Operating employes 
work five consecutive 12-hr days while living at 
the mine, after which they are away from camp 
for five days. Employes assigned to maintenance 

work have a somewhat different schedule. 
The employees are transported via 7-passenger 
Sikorsky S-55 helicopters over the seven miles of 


water to and from a landing base at Grand Isle, La. 


Side view of the drilling rig 


on production platform. 


From there to his home, the employe furnishes his 
own transportation. With a rotating schedule, 25 
men can be changed each day during the daylight 
hours with ease. Oil companies that have operated 
many years offshore have found helicopters to be 
safer and more dependable than boat transportation, 
although not necessarily more economical. 

A two-story, air-conditioned steel structure-located 
near the heating plant houses employes at the 
mine. Built at a cost of $1,375,000 (including struc- 
ture) the building contains 60 double bedrooms, 30 
bathrooms, two television rooms, a large recreation 
room, a kitchen and cafeteria, a first-aid room, and 
offices. The net cost of operating the living quarters 
approximates $7 per man per day. 

Employe safety was one of the prime considera- 
tions in the design of facilities and selection of 
equipment. In addition, a complete first-aid station 
is maintained with a trained medical man on con- 
tinuous duty. 

Special hurricane precautions, similar to those in 
use at other mines of the company on the Louisiana 
coast, are taken at this mine. A meteorological con- 
sultant retained by the company supplies daily 
weather bulletins to each of our operating mines. 
During the hurricane season special weather bul- 
letins are issued on all tropical storms. When a 
storm in the Gulf of Mexico or Caribbean Sea moves 
toward the Gulf Coast, the Grand Isle mine, as well 
as other Freeport mines, goes on a storm alert. 
Contact is maintained with other off-shore operators 
and all caution will be exercised to close down oper- 
ations and evacuate all personnel from the structure 
in ample time to reach safer areas. 
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DEVELOPMENT OF A THERMOADHESIVE 
METHOD FOR DRY SEPARATION 


OF MINERALS 


he development of a new method of mineral sep- 
T aration was sponsored by the International Salt 
Company, which requested Battelle Institute to in- 
vestigate means for improving the quality and ap- 
pearance of rock salt from the Company’s Detroit 
mine. Although developed specifically for remov- 
ing impurities from rock salt, the general method 
may be applicable to other separation problems. 

The principal impurities in rock salt from the 
Detroit mine are dolomite and anhydrite which 
represent 2 to 5 pet of the weight of the mined salt. 
In the size range from % to % in. (the range of 
primary interest in this project) the impurities are 
only partially liberated from the halite in normal 
production. Further size reduction to improve the 
liberation of impurities is not practicable in view 
of the market requirements for the coarse grades of 
rock salt. Laboratory separations in heavy liquids 
showed that, to improve the quality and appearance 
of the rock salt substantially, it would be necessary 
to remove not only free gangue particles but also a 
large proportion of the locked-in particles. 

Because rock salt is an inexpensive commodity, 
a low-cost process was required. Gravity methods 
were, of course, considered. The heavy-liquid sep- 
arations indicated that a split at an effective spe- 
cific gravity of 2.2 to 2.3 would be required. (The 
specific gravity of pure halite is 2.16.) Heavy-media 
separation was investigated but had the disadvan- 
tages that it was necessary both to operate with 
saturated brine and to dry the cleaned salt, and 
that the cleaned salt was darkened by the mag- 
netite medium. Air tabling was tried but did not 
give the desired separation. It soon became apparent 
that established methods would not provide a satis- 
factory solution and work was undertaken on the 
development of a new process to solve the problem. 


PROCESS DEVELOPMENT 


Preliminary Experiments: At the start of the in- 
vestigation, an analysis of the problem indicated 
that the diathermacy of rock salt—that is, its ability 
to transmit radiant heat—might form the basis for 
an efficient separation process. Under this theory, 
the impurities might be selectively heated by radiant 
heat. The particles could then be fed over a belt 
coated with a heat-sensitive substance so that the 
warm impure particles would adhere preferentially 
to the coating. 

After the initial experiments, made by heating 
the rock salt with an infrared lamp and separating 
the product on small sheets of resin-coated rubber, 
proved encouraging, a small continuous separation 
unit was set up. This comprised 1) a simple heating 
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unit consisting of a vibrating feeder covered with 
aluminum foil and an infrared lamp mounted above 
the feeder and 2) a separation belt 6 in. wide and 
36 in. long. A sketch of the device is shown In Fig. 
1. Results with this apparatus confirmed the fact 
that a good separation was possible. It was ap- 
parent, however, that a considerable amount of ex- 
perimental work would be needed to develop the 
scheme to a practical and economical process. 


The Process: Basically, the process consists of two 
main steps: 1) selective heating by radiation and 
2) separation of the heated particles on a heat- 
sensitive surface. Because neither of these steps 
had previously been utilized commercially in min- 
eral processing, it was necessary to do basic re- 
search on both aspects. 

Factors studied in the investigation included type 
of heat source, design of heating unit, design of 
separation belt, selection of heat-sensitive coating, 
removal of heated particles from the belt, contact 
between particles and coating, and maintenance of 
the heat-sensitive surface. Part of the experimental 
work was carried out on a small-scale unit con- 
sisting of the 36x6 in. belt and auxiliary apparatus, 
and part on a larger unit. For simplicity, discussion 
of work on both of these units is grouped together. 


SELECTIVE HEATING 


Radiant-Heat Source: The essential requirements 
for a radiant-heat source were 1) that the radiant 
heat be in a wave length range which is effectively 
absorbed by the impurities but not absorbed ap- 
preciably by the rock salt and 2) that it be depend- 
able, practical, and economical. 

Selection of a heat source of suitable wave length 
range was one of the first considerations. It is well 
known that pure halite is highly transparent to 
radiant energy in wave lengths from 0.3 to 13 mi- 
crons. However, the available data on infrared 
transmission by dolomite and anhydrite, particularly 
in the range below two microns, were not complete 
enough to serve as a reliable basis for selection of 
a heat source. 

Although it may have been possible to obtain suf- 
ficient data on infrared transmission and absorption 
to enable one to select the best heat source, a more 
direct procedure was used. This consisted simply of 
exposing the crude rock salt to each of several types 
of radiant-heat source on the small continuous sep- 
aration device. The heat sources investigated, ap- 
proximate source temperature used, and calculated 
wave length of maximum radiation are tabulated 
in Table I. 

Of the two types of tungsten-filament lamps in- 
vestigated, both the short wave length photofiood 
lamps and the longer wave length infrared lamps 
were satisfactory from the standpoint of selectivity 


INFRARED LAMP 


ALUMINUM FOIL 


TUBE TO REMOVE DUST PARTICLES 


ah. 


VIBRATING FEEDER COVERED 
WITH ALUMINUM FOIL 


THERMOPLASTIC-COATED 


NEOPRENE BELT ° 
rey 
Oo 2 fo) fe) 
CLEAN 
REJECT MIDDLINGS SALT 


Fig. 1—Diagram of apparatus used in preliminary experiments. 


in heating effect. However, the infrared lamps, hav- 
ing a lower filament temperature and consequently 
a much longer life, were superior from the cost 
standpoint. Because intensity of radiation is im- 
portant, 500-watt standard industrial infrared lamps 
were selected. 

The silicon carbide and the metal-sheathed heat- 
ing elements were not as selective in their heating 
effect as were the tungsten-filament lamps. To ex- 
plore the reason for this, infrared transmission 
spectrographs were made of two specimens of De- 
troit rock salt. These showed absorption at wave 
lengths of three and six microns, which coincide 
with absorption wave lengths of water. This sug- 
gested that finely disseminated water in the rock 
salt absorbs part of the radiant energy from the 
longer wave length sources and indirectly causes 
heating of the rock salt. In the case of tungsten- 
filament lamps, nearly all the radiation is shorter 
than three microns in wave length, so that the effect 
of heat absorption by water is negligible. 

Heating-Unit Design: After selection of the high- 
wattage infrared lamp as a suitable heat source, 
the next step was to develop an effective means 
for exposing the rock salt to the radiant heat. The 
basic requirements of this step were considered to 
be as follows: 


1) Uniform exposure of the crude salt to the 
radiation. 

2) Maximum utilization of the available radiant 
heat. 

3) Control of heat transfer by conduction. 

The control of heat transfer by conduction per- 
haps requires some explanation. For the most part, 
it is obviously desirable to avoid thermal conduction 
as much as possible, both between the heated and 
unheated particles and between the particles and 
the equipment. However, it is necessary to allow 
a certain minimum time for thermal conduction so 
that the heat from inclusions of gangue in any par- 
ticle will be distributed throughout that particle. 
Although not an essential requirement, it is also 
desirable that the heating-unit design should in- 
corporate means for elimination of any fines that 
may be produced in the heating process. 


As the result of laboratory investigation of various 
devices, a satisfactory heating unit was developed 
which consisted of a panel of infrared lamps 
mounted inside a revolving screen. This type of 
heating unit satisfied the three basic requirements 
listed above, and it provided a convenient means 
for removal of fines. A retention time of about one 
minute in this unit was satisfactory from the stand- 
point of control of heat transfer by conduction. 


SEPARATION 


The next phase of the work was to develop a 
method for separation of the heated impure particles 
from the essentially unheated clean salt particles. 
The separation device in this case consisted basically 
of a conveyor belt coated with a thermoplastic resin. 

Separation Belt: In the general design of the sep- 
aration belt, the main requirements were found to 
be 1) adequate capacity, 2) adequate retention time 
on the belt, and 3) good contact between the par- 
ticles and heat-sensitive coating. 

Because it is essential to have not more than a 
single layer of particles on the belt, the required 
capacity determines the width and speed of the 
belt for a given particle size. The length is then 
established by the required retention time on the 
belt. A retention time of approximately one second 
was found adequate. 


Table I. Radiant-Heat Source Data 


Approximate Wave length* 
Source of Maximum 


Heat Source Temperature,°C Radiation, microns 


Metal-sheathed heating 550 3.5 
element (Chromalox) 

Silicon carbide rod 1100 Bk 
(Globar) 

Tungsten-filament lamp, 2200 
infrared type 

Tungsten-filament lamp, 3000 0.9 
photoflood type 

2898 


*Calculated from the formula L = -——, where L is the wave 
K 


length of maximum radiation and K is the source temperature in 
degrees Kelvin. L is an approximation since the formula is based 


on black-body radiation. 
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To minimize wobbling or rolling of particles on 
the belt surface and thereby improve contact be- 
tween particles and coating, it was found desirable 
to feed the particles on to the belt over a curved 
chute which would accelerate the particles to the 
velocity of the belt, and to provide a smooth flat 
deck under the belt in place of the customary con- 
veyor idlers. 

For the belting material, Neoprene was selected 
because of its good resistance to heat and its re- 
sistance to most organic chemicals. 

Heat-Sensitive Coating: Early in the develop- 
mental work, it became apparent that the most 
effective type of heat-sensitive material would be 
a low-melting thermoplastic resin having the fol- 
lowing characteristics: 


1) Bea nontacky flexible solid at ambient tem- 
perature. 

2) Become tacky at a temperature only slightly 
above ambient temperature. 

3) Remain tacky for a considerable range above 
ambient temperature. 
4) Be inexpensive. 


For the final evaluation of resin compositions, 
direct testing on actual separation units was found 
to be most satisfactory. However, for preliminary 
screening of various compositions, a method was 
developed for determining the probability that a 
particle at a given temperature would adhere suf- 
ficiently to the belt coating to cause the particle’s 
rejection. A probability curve for a typical resin is 
shown in Fig. 3. For most of the other resins tested 
in this way, the shape of this curve was similar to 
that shown in Fig. 3 but displaced toward higher 
or lower temperatures, depending on the softening 
point of the resin involved. It may be noted from 
Fig. 3 that the temperature difference between no 
rejection and complete rejection is about 20°F. This 


is the approximate temperature differential required 
to effect a separation between two materials. 

The heat-sensitive materials which were found 
most satisfactory are blends of low-molecular- 
weight polymerized styrene resins marketed under 
the trade name of “Piccolastic”. This was one of 
the first types of resin used in this work. Although 
a number of other types and combinations were 
studied subsequently, none was found to be more 
effective for this specific application. 

Removal of Heated Particles: For the heated par- 
ticles to be separated from the unheated particles, 
it is necessary that they adhere sufficiently to the 
resin so that they are deflected downward from the 
normal trajectory on leaving the belt. An adjust- 
able splitter then separates the heated from the un- 
heated particles. It was found that, under good op- 
erating conditions,,.most of the heated particles are 
thrown from the belt by centrifugal force as they 
go around the head pulley. The few remaining re- 
ject particles are removed by a steel wire stretched 
across the width of the belt under the pulley. 

Maintenance of Heat-Sensitive Surfaces: The ma- 
jor problem encountered in respect to the resin coat- 
ing was in maintaining a uniformly heat-sensitive 
surface for long periods of time. Although a revolv- 
ing brush was provided for removing loose dust 
from the belt to minimize contamination of the resin, 
it was found that a small amount of dust gradually 
became imbedded in the resin surface and reduced 
the effectiveness of the resin to the point where 
the heated particles eventually failed to adhere. It 
was therefore necessary to renew the resin surface 
periodically. 

The method originally developed was to apply a 
relatively thick (% in.) coating of resin by me- 
chanically spreading a hot melt on the belt surface. 
During operation, a revolving wire brush was used 
on the underside of the belt to gradually abrade 
and remove the thin outer layer of contaminated 


Fig. 2—View of the 1-tph pilot plant used by the Battelle Institute for the separation of impurities from rock salt 
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resin. This method appeared satisfactory in the 1 
tph pilot-plant operation, but in subsequent larger 
scale operation the method was not successful. The 
steel wires in the brush began to break after only a 
few hours of operation. This wire-brush problem 
probably could have been solved but a different 
approach to the basic problem of maintaining the 
resin surface appeared more promising. This ap- 
proach consisted of the continuous application of 
new resin to the surface by spraying. 

The main requirements for a spray-coating 
method were considered to be as follows: 


1) The surface should be completely spray 
coated every 20 minutes or oftener without inter- 
ruption of the separation process. 

2) The resin should be applied in such a manner 
that the freshly applied resin would not cause re- 
jection of unheated particles. 

3) The resin should be applied in as thin a layer 
as possible to minimize resin consumption. 


It was apparent that the first requirement could 
be met by having a spraying nozzle traverse the 
underside of the belt. To satisfy the second require- 
ment, it was found necessary to avoid the use of 
solvents because even a trace of solvent remaining 


the resin one second after application would 
‘ause undesired tackiness. The third requirement 
lictated the use of a low-capacity system capable 


of delivering a fine spray. 

A spraying method was developed and tested on 

1e 1 toh separation unit. It consisted of a pneumatic 
,4utomizing spray with both air and resin preheated 
to about 400°F. Electric heating tape was used to 
prevent cooling of the resin in the air lines and in 
the nozzle. 

A convenient method was also developed to re- 
nove periodically the excess resin which gradually 
built up on the belt. Radiant heaters were mounted 
near the belt at the head pulley to soften the resin 
while the belt was operated at reduced speed. The 
oftened resin was then mechanically removed by a 
scraper. Although this operation involved stoppage 
f the feed to the belt, it appeared that it would re- 
quire only a few minutes and would be necessary 
only once or twice in 24 hours of operation. 


RESULTS 

Typical resuits of pilot-plant separations are 
shown in Table IJ. Because of the incomplete libera- 
tion of impurities from the rock salt, the separation 
data alone do not give an adequate picture. There- 
fore, following each separation, there is shown for 
comparison the results of a heavy-liquid separation 
on a similar material at a specific gravity which 
gave approximately the same grade of cleaned salt. 
Although the heavy-liquid separations and the pilot- 
plant runs were not made on duplicate samples, 
the samples are believed sufficiently similar to give 
a fair comparison. For a cleaned salt grade of 
slightly over 98.0 pct, the pilot-plant recovery was 
only 1 to 2 pct less than that obtained with heavy 
liquids. In production of a grade of approximately 
99.0 pct, the pilot-plant recovery was about 10 pct 
lower than the heavy-liquid recovery. This decrease 
in recovery is due to the fact that under the more 
intense heating conditions necessary to remove the 
slightly impure particles, some of the clean rock 
salt itself becomes heated sufficiently to be rejected. 
If desirable, sharper separations could undoubtedly 
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be obtained by such means as retreatment of the 
reject or recirculation of a middling product, but 
the one-pass separations were considered satisfac- 
tory in this case. 

It was found that increasing the quality to 98 pct 
NaCl resulted in a substantial improvement in ap- 
pearance although some dark particles remained. 
Further increase in quality to 99 pet NaCl gave a 
white rock salt product comparable in appearance 
to the best rock salt obtainable from this source 
by laboratory separation in heavy liquids. 

Although most of the work was done on rock salt 
from approximately % in. to % in. size, separations 
were also made on material as fine as 10 mesh. How- 
ever, since the capacity of a given size of separation 
belt is approximately proportional to the diameter 
of the feed particles, a relatively large belt area per 


Table II. Pilot-Plant Separation Results 


Analysis, Distribution, pet 


pe 
Separation Product Wt, pet NaCl NaCl Impurities 


Pilot-plant Cleaned salt 94.8 98.20 96.4 50.4 
separation A Reject 5.2 ou(artye 3.6 49.6 
Composite 100.0 96.62 100.0 100.0 
Heavy-liquid Float 2.30 96.8 98.57 98.4 46.0 
separation at Sink 2.30 3e2 47.02 1.6 54.0 
2.30 sp gr Composite 100.0 97.00 100.0 100.0 
Pilot-plant Cleaned salt 84.5 98.85 86.0 33.6 
separation B Reject DED 87.60 14.0 66.4 
Composite 100.0 OTeata 100.0 100.0 
Heavy-liquid Float) 2.20 93.0 99.04 95.0 29.7 
separation at Sink 2.20 nO) 69.86 5.0 70.3 
2.20 sp gr Composite 100.0 97.00 100.0 100.0 
No. 2 Rock Salt* 

PiJot-plant Cleaned salt 93.9 98.34 95.9 42.4 
separation A Reject 6.1 65.22 4.1 57.6 
Composite 100.0 96.32 100.0 100.0 
Heavy-liquid Float 2.30 94.3 98.15 97.1 37.4 
separation at Sink 2.30 Bail 48.37 2.9 2.6 
2.30 sp gr Composite 100.0 95.33 100.0 100.0 
Pilot-plant Cleaned salt 78.4 99.00 80.5 21.8 
separation B Reject 21.6 87.00 19.5 78.2 
Composite 100.0 96.41 100.0 100.0 
Heavy-liquid Float 2.20 88.3 98.89 91.65 21.0 
separation at Sink 2.20 la Lay 68.35 8.35 79.0 
2.20 sp gr Composite 100.0 95.33 100.00 100.0 

* No. 1 rock salt is 0.279 to 0.375 in. No. 2 rock salt is 0.375 to 


0.500 in. 
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ton of feed would be required for particles as fine 
as 10 mesh, and the economics may consequently be 
unattractive in this size range for such an inex- 
pensive material as rock salt. Furthermore, the 
—¥,-in. grades of rock salt produced at the De- 
troit mine of International Salt Company are nor- 
mally of sufficiently high purity that beneficiation is 
not required. 

In regard to the size ranges above 4% in., no sepa- 
rations were made because normally all the rock 
salt is crushed through % in. However, it is 
believed that material at least as coarse as 1 in. 
could be satisfactorily treated, provided the degree 
of liberation was adequate. 


OTHER POSSIBLE APPLICATIONS 
AND VARIATIONS 


Although this paper has dealt with a very specific 
problem and the development of a process for its 
solution, the authors believe that this development 
may open the way to a number of practical processes 
not only for mineral separations, but also for sepa- 
rations of such diverse materials as chemicals, plas- 
tics, and metals, plus food and agricultural products. 
The method as developed for rock salt may, with 
modifications, be applicable to a variety of separa- 
tions in which one or more of the components trans- 
mits or reflects radiant heat to a greater extent than 
do other components. 

Radiant Heating Effect on Other Minerals: Qual- 
itative studies have been made of the relative heat- 
ing effect of infrared radiation from a tungsten-fil- 
ament lamp on various mineral specimens. The 
results indicate that wide differences exist in the 
degree of absorption of the radiation by various 
minerals, but because of the effect of such factors 
as degree of crystallinity, purity, color, and speci- 
men size, a tabulation of the individual results 
would be of limited value. In general, the strongly 
heated minerals include most sulfides and many 
dark-colored nonsulfides (e.g., graphite, chromite, 
cassiterite, tourmaline, biotite, wolframite, and fine- 
grained hematite). On the other hand, the relatively 
unheated minerals include those which, when pres- 
ent as coarse crystals, transmit much of the radiant 
heat (e.g., halite, sylvite, cryolite, fluorite, quartz, 
and calcite) as well as white, fine-grained minerals 
such as kaolin, trona, witherite, strontianite, baux- 
ite, magnesite, amblygonite, and chalky calcite 
which reflect most of the radiation. These generaliz- 
ations apply only to radiation from tungsten-fila- 
ment infrared lamps. 

Selection of Equipment: The type of heat source 
can be selected for any particular problem to give 
the optimum differential heating effect between 1) 
particles which absorb the radiant heat and 2) par- 
ticles which either reflect or transmit the heat. 
Where economics justify it, filters might be used 
to confine the heat radiation to carefully selected 
wave length bands and thereby permit separations 
which might not be otherwise possible. A suitable 
filter might be one composed of the same substance 
as one of the materials to be separated. 

Although conventional infrared lamps were found 
most effective in this application, potential radiant- 
heat sources for other applications include such 
types as new high-intensity quartz-tube infrared 
lamps and gas-fired radiant heaters. 

The choice of heat-sensitive resin for a specific 
application will depend largely on the temperature 
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of the feed material and the efficiency of separation 
required. In addition to the polymerized styrene 
resin, other types which are available include low- 
cost polymerized petroleum and terpene resins. 

In regard to size of operation, possible applications 
of the process range from large-tonnage, low-cost 
operations employing cheap radiant heat and inex- 
pensive resin compositions to small-tonnage, higher- 
cost operations on expensive materials. 

Obviously, the feed material can be separated 
into more than two end products if required. This 
can be accomplished by various means such as the 
use of two or more separation belts in serles and 
coated with different resins, or two or more split- 
ters on the same separation belt. 

Now that a practical means is available for ef- 
fecting a separation on the basis of a small dif- 
ference in temperature or heating effect, other 
related separation methods may become feasible. 
For conducting materials, induction heating may be 
used. Dielectric heating may be applicable in the 
case of some nonconductors. Separations based on 
differences in thermal conductivity (e.g., in recovery 
of diamonds) and differences in specific heat may 
be possible. 

Because the process depends on minor differences 
in temperature, it is evident that, whenever prac- 
ticable, the feed material should be delivered to 
the process at a reasonably uniform temperature. 
In the case described in this article this was not a 
problem because the plant was to be operated un- 
derground where the temperature is always con- 
stant. In other instances it may be necessary to 
bring the feed material to a uniform temperature 
prior to its being fed to the process. Any conven- 
ient temperature can be selected because suitable 
resin compositions are available for use at almost 
any temperature likely to be required. Furthermore, 
the feed temperature (and the resin) could be 
changed with the seasons if found desirable. Al- 
though it is considered desirable to maintain control 
over the ambient temperature, data obtained during 
the investigation indicated that the process is able 
to tolerate considerable variation in ambient tem- 
perature with no noticeable effect on the results 
obtained. 

In cases where the feed temperature varies over 
a wide range and control of the feed temperature 
is impractical or expensive, the resin sprayed onto 
the belt may be automatically controlled to give the 
desired separation regardless of feed temperature. 
This system should accommodate any range of tem- 
peratures likely to be encountered, but it would 
still be desirable to have some provision to pre- 
vent abrupt changes in feed temperature. 


ACKNOWLEDGMENTS 


The authors are grateful to International Salt 
Company, which sponsored the investigations de- 
scribed in this paper, for permission to publish this 
material. 

Much of the credit for advocating the continuation 
of the process development beyond the preliminary 
experimental stage belongs to Dale W. Kaufmann, 
Development Engineer of International Salt Com- 
pany. In addition, the authors are indebted to L. E. 
Read and W. C. Bleimeister of International Salt 
Company for their cooperation. 

The authors are indebted also to A. C. Richardson 
and others of the Battelle staff who contributed to 
this project. 


BENEFICIATION OF ROCK SALT 


AT THE DETROIT MINE 


MINERAL SEPARATION BY THE THERMOADHESIVE METHOD 


he International Salt Company has long been in- 

terested in finding an efficient process for the re- 
moval of impurities from rock salt, and particularly 
from the rock salt produced at the Detroit mine. 
Methods which have been used previously at the 
Detroit mine included both hand sorting and differ- 
ential crushing in a Bradford breaker with rejection 
of the oversize. Neither of these methods was ade- 
quately effective. 

The development of a new process for removal 
of impurities from rock salt has been described in 
the preceding article.* Basically, the process con- 
sists of exposure of crude rock salt to radiant heat- 
ing which selectively heats the impure particles. 
Subsequently the heated particles are removed by 
adhesion to a heat sensitive-coating on a conveyor 
belt. This method was found to be effective in im- 
proving both the quality and appearance of rock 
salt by the rejection of the dark, impure particles. 

The first commercial unit employing the new 
thermoadhesive method of dry separation of min- 
erals was installed at the Detroit mine of Interna- 
tional Salt Company in Detroit, Mich. (Fig. 1). This 
unit was first put into operation in March 1957. 

The purpose of the Detroit installation was 1) to 
serve as a pilot plant for evaluating the process on a 
commercial scale and 2) to produce marketable 
quantities of rock salt of improved quality and ap- 
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pearance. The design of this plant was based on the 
results and information obtained from a 1-tph pilot 
plant at Battelle Memorial Institute. 


DESCRIPTION OF PLANT 


Location: The separation plant was installed un- 
derground near the crushing and screening plant, 
for this was the most suitable location from the 
standpoint of material handling. Furthermore, ample 
space was availabe at this location. Because the 
process requires a relatively constant temperature, 
the uniform year-around temperature of the mine 
(57°F) gave an added advantage to an underground 
operation. 

Feeding: The rock salt is conveyed to a surge bin, 
from which it is fed to the heating unit by a con- 
veyor. The feed-rate control consists simply of an 
adjustable gate at the bottom of the surge bin. The 
plant may be fed either No. 1 grade of rock salt 
(0.279 to 0.375 in.) or No. 2 grade (0.375 to 0.500 in.) 
with a maximum input capacity of 500 tons per 15- 
hour day. 

Heating Unit: The heating unit (Fig. 2) consists 
of a panel of infrared lamps suspended inside a low- 
speed revolving screen. The radiant-heat panel, 
which is curved for most effective utilization of the 
heat, holds 240 infrared lamps of standard industrial 
type, each rated at 500 watts. The position of the 
panel is adjustable so that it can be placed centrally 
over and to within 6 in. of the salt bed on the screen. 
The entire heat panel is suspended by rollers in 


*R. J. Brison and O. F. Tangel: Development of a Thermo- 
adhesive Method for Dry Separation of Minerals. 
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such a way that it can be readily removed from the 
screen for maintenance. 

The revolving drum-shaped screen is 24 ft long 
and 8 ft in diameter. It is of lightweight construc- 
tion because only a small load of rock salt is on the 
unit at any specific moment. The screen cloth has 
Y-in. openings, slightly smaller than that on which 
the salt is pre-screened. The size of the revolving 
screen was dictated by the necessity of having a 
sufficiently large area of rock salt exposed to the 
radiant heat, while at the same time, limiting the 
retention time to about one minute. The screen re- 
volves at 2.7 rpm and has a slope of 2 in. per linear 
foot. Provision has been made to permit the adjust- 
ment of the slope of the screen to control the re- 
tention time if necessary. 

Transfer Equipment: The function of the transfer 
equipment is to move the rock salt from the heating 
unit to the separation belt in such a way that: 


1) the rock salt is uniformly distributed in a 
single layer on the belt, 

2) the rock salt is accelerated to approximately 
the speed of the belt so that rolling of the particles 
on the belt is minimized, and 

3) heat transfer is minimized. 


The rock salt from the revolving screen is spread 
over the width of an oscillating feeder which dis- 
tributes the particles across the top of a 10-ft-high 
acceleration chute. This chute is lined with stainless 
steel and is designed to accelerate the particles to the 
same velocity as the belt. 

Separation Belt: The separation conveyor (Fig. 3) 
is 5 ft wide and 22 ft long when measured from the 
centers of the pulleys. It employs a Neoprene-cov- 
ered belt which travels at 960 fpm. Between the 


Fig. 1—General view of the separation unit at the De- 
troit mine of International Salt Company. The rock salt 
is introduced to the unit at top center of photograph via 
a conveyor belt (left). The cleaned salt discharge point is 
located in bottom center. From this point the cleaned 
salt product is transported to a bunker for storage. 


Fig. 2—Differential heating unit. The infrared lamp panel is suspended insi i 
pp p inside the revolving screen 


(upper center). 
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Fig. 3—Acceleration chute (left) and separation belt. Conveyor belt (arrow) above the separation belt removes fines 
from revolving screen. Shield above separation belt deflects falling particles which might interfere with process. 


pulleys, the belt is supported on a sheet-steel deck 
rather than on rolls in order to eliminate vertical 
motion of the belt. Because of the light load on the 
belt, friction between the belt and the underlying 
steel plate is negligible. 

The heat-sensitive resin employed is a mixture of 
polymerized styrene resins, Piccolastic A-25 and 
Piccolastic A-50. The proportion of each is adjusted 
to give the required softening point for attainment 
of optimum results. 

The resin is applied continuously to the belt by a 
hot pneumatic spray from a nozzle which traverses 
across the underside of the conveyor. Each section of 
the belt is coated once every seven minutes. Because 
a very thin layer of resin is applied on each pass, 
the resin consumption is only about 3 lbs per hour, 
or approximately 0.1 lb per ton of cleaned salt pro- 
duced in this process. 

The particles remain on the belt 1.2 seconds. The 
relatively clean, unheated particles are then dis- 
charged in a normal trajectory from the belt. The 
heated particles which adhere to the heat-sensitive 
coating are deflected downward, and most of them 
are thrown off the belt by centrifugal force while 
going around the head pulley. However, those par- 
ticles which still adhere to the belt (most of which 
are almost pure gangue particles) are removed by 
two wires stretched across the underside of the head 
pulley. Two wires are required because of the slight 
crown of the pulley. 

At the end of the separation belt, an adjustable 
splitter separates the clean salt from the reject. The 
clean salt is conveyed to a bunker for storage, and 
the reject in conveyed to a bin from which it is 
periodically removed by truck. 


A revolving nylon brush located on the under 
side of the conveyor is used to remove dust from the 
belt surface, thus minimizing contamination of the 
resin. A roll is used above the brush to prevent 
flapping of the belt at this point. 

Because the resin layer on the belt gradually 
builds up in thickness, the layer must be removed 
after about 15 hours of operation. To do this, the 
belt is operated in reverse at slow speed by a sepa- 
rate drive. The resin is then heated to its melting 
point by a radiant heat panel as it passes around 
the pulley and is mechanically removed by a scraper. 
Dressing of the belt in this manner requires ap- 
proximately 15 minutes. 


PERFORMANCE 

After construction of the plant was completed, an 
experimental program was run to establish operat- 
ing conditions and to determine the separation re- 
sults obtainable. The results of a typical series of 
experiments are shown in Table I. 

The plant is flexible in that it can be adjusted to 
produce either a substantially improved rock salt 
(98 pet NaCl) with a high recovery of salt or, con- 
versely, a higher quality rock salt (99 pet NaCl) at 
lower recovery. Fig. 4 shows the relationship be- 
tween the quality of rock salt produced and the per- 
centage recovery of salt. From this graph, it is evi- 
dent that good recovery is obtained with a clean salt 
analysis of 98 pet NaCl, but that the salt recovery 
drops off sharply as the NaCl content of the cleaned 
salt product is increased to 99 pct. 

It may be noted from Table I that, in this series, 
the feed rate was used as a means for controlling 
the radiant-heat input to the crude salt and thereby 
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controlling the quality of rock salt produced. Be- 
cause this plant was designed to produce rock salt 
of 98 pct quality, it can be operated at its maximum 
capacity of 35 tph only when producing salt of this 
quality. Although some increase in quality is pos- 
sible by the use of a resin with a slightly lower soft- 
ening point, the production of 99 pct salt at a feed 
rate of 35 tph would probably necessitate a radiant- 
heat unit of higher capacity. 


AUTOMATIC OPERATION 


The feed rate to the plant, the softening point of 
the resin, and the adjustment of the splitter are the 
main points of control. Once adjusted to give the de- 
sired quality of separation, no further adjustment is 
generally required unless a change is made in prod- 
uct specifications. 

Although these are the primary factors affecting 
quality control other factors which can have a bear- 
ing on the results are line voltage, condition of heat 
lamps, speed of separation belt in relation to speed 
of particles fed onto the belt, and resin spray operat- 
ing conditions. However, these can be held suffi- 
ciently constant so that they do not cause significant 
variations in the results. In addition, the plant has 
been equipped with start-stop controls for automatic 
shut-down in case of feed interruption and auto- 
matic start-up when the feed resumes. 

An indication of the basic simplicity of the proc- 
ess is that no operating labor is required even 
though this is the first commercial installation of its 
kind. The maintenance staff handles such mat- 
ters as the daily dressing of the belt, the filling of the 
resin tank, and the weekly checking and replacing of 
heat lamps. 


PROBLEMS 


As would be expected in any new process, some 
difficulties were met in the initial testing and opera- 
tion periods. 

The major problem encountered was in maintain- 
ing a uniformly effective heat-sensitive surface on 
the belt coating. This difficulty arises from the fact 
that the resin surface is continuously being con- 
taminated by dust particles. Although a revolving 
nylon brush removes most of the dust, a small 
amount becomes impregnated in the resin and even- 
tually reduces the effectiveness of the heat-sensitive 
surface. The original method of maintaining the 
surface by means of a revolving wire brush was 


Table 1. Typical Plant Results on No. 2 Rock Salt 


Analysis*, pct Distribution, pct 
Ex- Feed 


peri- Rate, Impu- Impu- 
ment tph Product Wt pet NaCl rities NaCl rities 
1 33.20 Cleaned salt 95.5 98.17 1.83 96.9 53.8 
Reject 4.5 66.70 33.30 3.1 46.2 
Calculated feed 100.0 96.75 3.25 100.0 100.0 
Analyzed feed 96.65 3.35 
2 25.79 Cleaned salt 91.1 98.30 1.70 92.9 42.7 
Reject 8.9 76.64 23.36 ie 57.3 
Calculated feed 100.0 96.37 3.63 100.0 100.0 
Analyzed feed 96.44 3.56 
3 21.17 Cleaned salt 81.3 98.74 1.26 82.4 39.3 
Reject 18.7 91.54 8.46 17.6 60.7 
Calculated feed 100.0 97.40 2.60 100.0 100.0 
Analyzed feed 97.01 2.99 
4 15.31 Cleaned salt 61.1 99.09 0.91 62.5 17.4 
Reject 38.9 93.23 6.77 37.5 82.6 
Calculated feed 100.0 96.81 3.19 100.0 100.0 
Analyzed feed 96.87 3.13 


* Analyses are on a dry basis. 
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Fig. 4—Relation between the analysis of cleaned salt 
and the recovery of salt in the separation process. 


abandoned and laboratory work was undertaken to 
develop a better method. The development of the 
continuous spray method is described by Brison 
and Tangel in the preceding article. This spray 
method for maintaining the resin surface has been 
entirely satisfactory. 

Other difficulties were overcome by various minor 
refinements in the plant such as 1) adjustment of 
the position of the lamp panel, 2) lining of the ac- 
celeration chute with stainless steel, and 3) ad- 
justment of the belt speed. 


COSTS 


As an indication of the cost of the process, the 
approximate total cost per ton of beneficiated rock 
salt and the major cost items are listed below. These 
costs are based upon a daily 15-hour operation at a 
feed rate of 32 tph. 


Cost Per Ton of Cleaned Rock Salt 


Depreciation $0.09 
Maintenance 0.08 
Electricity 0.06 
Resin 0.03 
Miscellaneous 0.07 
Total $0.33 
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CONTROLLING FIRES IN MINES 
WITH HIGH-EXPANSION FOAM 


JOHN NAGY, EDWIN M. MURPHY, AND DONALD W. MITCHELL 


|: 1957 research was initiated in the U.S. Bureau 
of Mines experimental coal mine near Pittsburgh, 
Pa., to study factors affecting foam generation and 
transport, to evaluate the effectiveness of high-ex- 
pansion foam for controlling mine fires, and to de- 
velop techniques for applying the method under 
U.S. mining conditions. These investigations showed 
that high-expansion foam containing at least 0.2 oz 
of water per cu ft of foam is effective in controlling 
experimental underground fires burning coal, wood, 
and oil. Sometimes the fire was completely extin- 
guished, but more often, it was brought under suffi- 
cient control to permit either a direct attack on the 
fire with a stream of water or loading of the hot 
material into cars. 

A progress report’ prepared in July 1958 sum- 
marized the initial achievements of the USBM ex- 
periments. Since then other phases of the foam-plug 
method for attacking fires have been studied in the 
laboratory and in the mine. Previous studies by 
British engineers’ of the foam-plug method for 
fighting mine fires indicated that high-expansion 
foam was effective in controlling experimental tim- 
ber fires in an underground passageway. Their 
subsequent work”™* pertained to the practical as- 
pects of fighting large fires within a mining area 
with a foam-plug. 


CONTROLLING EXPERIMENTAL FIRES 


In the USBM tests foam was formed by spraying 
a dilute solution of a foaming agent on a metal or 
cotton net of % to %4-in. mesh. Air passing through 
the continuously wetted net forms bubbles of % to 
14%-in. diam and produces a honeycomb of foam 
that fills the passageway. Under the ventilating-air 
pressure, this light-weight plug moves forward 
through the passageways, around sharp corners, and 
over obstacles, as illustrated in Fig. 1. 

High-expansion foam was transported to a wood 
fire, an oil fire, and 13 coal fires. Figs. 3 and 4 show 
a typical coal fire before and after attack with foam. 
In 12 of the 15 experiments the fire was brought 
under control when the water content of foam was 
0.2 oz or more per cu ft. A fire was considered 
controlled when the flames were quenched and ob- 
servers could cross the area without wearing breath- 
ing apparatus or protective clothing. In the other 
three experiments, conducted when the water con- 
tent was less than 0.2 oz per cu ft of foam, the 
flames were retarded but the fire was not controlled. 

Coal fires have been attacked successfully by 
foam introduced at points varying from 155 to 1010 
ft from the fire. The time of burning in coal beds 
10 in. thick ranged from 14% to 5 hrs or more. Most 
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of the experimental fire beds were 15 ft in length. 
However, in one experiment a floor fire 25 ft long 
and 5 ft wide was constructed 75 upwind from an- 
other fire 15 ft in length; in another instance, the 
fire was 100 ft long and 5 ft wide. Foam was ap- 
plied to the fires for periods ranging from 7 to 36 
min. The time required for foam application de- 
pends on the extent of the fire, time of burning, 
water content of foam, foam velocity, and degree of 
fire control desired. 

In addition to the coal fires, foam was transported 
to a fire covering 45 sq ft, produced by 15 gal of oil 
burning in metal trays on the floor. The foam ex- 
tinguished the oil fire in about 1 min. In one other 
test, the burning of 1100 lb of dry sawmill slabs 
stacked in open cribs 4 ft high and 16 ft long was 
brought under control by foam in 2 min. 

Composition of Gases in Return Air: In several of 
the experiments samples of the return air from fire 
zones were collected; composition of the atmosphere 
before, during, and after foam application was then 
determined. Because of condensation in the rela- 
tively cool sampling tube, the amount of water vapor 
was not determined. Analyses showed that concen- 
tration of carbon dioxide and combustible gases in- 
creased as the foam began passing over the fire. 
This resulted from the decrease in the volume of air 
when foam generation started and from the forma- 
tion of gases when water reached the fire.* The 
quantity of gases generated would not be greater 
than that from an equivalent amount of water ap- 
plied directly to the fire. 

The highest total concentration of combustibles 
(CO, CH,, and H, mixture) obtained during the ex- 
periment was about 2 pct; this occurred 6 min after 
foam reached the fire. This atmosphere was nonex- 
plosive, but calculations show that if the air flow 
were reduced to about 5 fpm and if the rate of gas 
liberation from the fire remained constant, the mix- 
ture would be explosive. The use of foam on a fire 
in all probability would affect the normal ventilation 
of a mine. If the mine is gassy, this factor must be 
carefully considered before the foam is applied. 


APPLICATION OF THE FOAM-PLUG 
TECHNIQUE IN MINES 


Equipment and procedures for applying the foam- 
plug methods must be adapted to the prevailing 
conditions at a particular mine. Some factors to be 
considered in developing equipment are: size or 
extent of the mine, dimensions and number of en- 
tries, ventilation system, mining methods, haulage 
facilities, availability of water, amount of methane 
liberated, and existing fire-control apparatus. 


*In most experiments the initial air velocity of 200 fpm de- 
creased to 50 to 100 fpm as the foam plug increased in length. 
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In many coal or metal mines the ventilating air 
pressure may be insufficient to transport foam a 
reasonable distance. To overcome this difficulty the 
USBM built a portable foam-generating device 
(Fig. 2). The 5-hp fan used in this unit develops a 
maximum pressure of 3 in. water gage and has suf- 
ficient capacity to drive foam for 1000 ft at about 
100 fpm in the 65-sq ft entries of the USBM experi- 
mental coal mine. 

In using the high expansion foam method on a 
fire, consideration must be given to ventilating the 
affected area, particularly if there is much methane 
present. The foam plug alters the normal ventila- 
tion pattern and the action of the fan incorporated 
in the portable generator may reverse or block air 
in some workings. Foam can be used on a gob fire 
if the ventilating air can be directed through the 
fire area. It should not be used in haulageways or 
other entries where energized trolley or other elec- 
tric-service wiring is exposed. 

When high-expansion foam is applied to a fire in 
an operating mine, foam generation and the foam’s 
advance and action cannot be observed as they can 
in experimental research. However, foam genera- 
tion can be noted if a light is placed about five ft 
beyond the net and near the roof of the mine entry. 
This light is obscured if foam is being generated 
satisfactorily. In addition, movement of the foam 
plug can be determined by observing the air pres- 
sure driving the plug. With the USBM’s portable 
unit, a pressure gage (water U-tube) in the casing 


just beyond the fan indicates the driving pressure; 
this pressure increases gradually as the length of 
the plug grows, and it becomes constant when the 
plug reaches the fire. Measurement of the quantity 
of air moving through the net or into the fan indi- 
cates the foam plug’s rate of advance. If the extent 
of the fire is known before foam is applied, the 
duration of the foam attack can be based on infor- 
mation gained in the experimental studies. If the 
extent is not known, foam should be applied for 
about 30-60 min. If possible, the equipment should 
then be moved closer to the affected area. A water 
spray can clear the entry of foam for this purpose. 


LABORATORY STUDIES 


Laboratory studies show that several commercial 
foaming agents may be used. However, ammonium 
lauryl sulfate possesses many desirable qualities 
and produces a relatively stable foam having ade- 
quate water content. The amount of solution re- 
quired to create foam increases with the hardness 
of the water, but it is not affected by acidity or 
alkalinity of the water. With soft water, the lowest 
concentration of the active ingredient in the foam- 
ing agent is about 0.4 pct. Use of mine water should 
be avoided, but the hardness can be neutralized by 
treatment if necessary. Below 40°F the amount of 
water retained in the foam increases appreciably 
and excessive air pressure is required to move the 
plug. Under this circumstance, foam can be lightened 
by adding 15 to 20 pct alkyl aryl sulfonate to the 
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foaming agent. When the water temperature is 
above 70°F, viscosity intensifiers can be added to 
decrease the rate of liquid drainage. 

Ammonium lauryl] sulfate from a single supplier 
was used in most of the USBM tests. When different 
brands were tried their water-retention capabilities 
were found to vary slightly, but the difference was 
easily corrected by maintaining a lauryl alcohol 
content of 2 to 3 pct. 

Several methods can be used to evaluate foaming 
agents. Perhaps the simplest is an homogenizer 
test’ in which 100 cu cm of solution are agitated for 
30 sec in a glass vessel. The height of the foam pro- 
duced and the quantity of water drained are then 
measured. In this test the foam from an effective 
agent will retain 30 to 40 pct of its water after 
draining 15 min. 


FOAM GENERATION AND TRANSPORT 
EXPERIMENTS 

As received from the manufacturers, ammonium 
lauryl sulfate contains about 30 pct active ingredi- 
ents and it has the consistency of a heavy liquid 
(its viscosity exceeds 20,000 centipoise). When di- 
luted with an equal amount of water, the foaming 
agent becomes a free-flowing liquid with a viscosity 
of about 60 centipoise. 

Several methods can be used to introduce the 


foaming agent into the water stream. The highly 
viscous commercial product can be injected and 
metered directly into the main waterline by a pneu- 
matic or electric pump. A relatively inexpensive 
eductor can be connected as a bypass around the 
main water-control valve, or an in-line propor- 
tioner can be installed in the main water line to 
draw the diluted solution. Another relatively simple 
method uses air pressure to force the diluted deter- 
gent from a tank into the water line, or a water 
pump can be used in the discharge line from a tank. 
With all methods, proper metering or control of 
concentration is necessary. 

It should be remembered that although a foam- 
generating unit developed around a tank containing 
mixed solutions has many desirable features, the 
quantity limitations imposed by such a tank would 


Table I. Ventilating Pressure Required to Transport 
a Foam Plug in the Mine Entry 


Water Content 


Length of of Plug Front, 
Foam Plug, Ft Oz per Cu Ft Water Pressure, In. 
200 0.9 to 1.3 0.4 to 0.6 
500 0.5 to 0.9 0.8 to 1.0 
1,000 0.5 to 0.9 2.0 to 2.2 
1,500 1.0 to 1.4 4.8 to 5.0 
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be restrictive. On the other hand, equipment 
adapted to a pipeline water supply would eliminate 
this restriction, and haulage from a surface or 
underground depot would be limited to moving a 
few barrels of foam agent. 

To generate foam satisfactorily, the net must be 
kept wet with foaming solution. Uniform spray ap- 
plication is desirable but not necessary if an excess 
of solution is used. Several commercial full-cone 
fog nozzles were used successfully in the USBM 
tests. The solution loss at the net ranged from 15 
to 25 pct of the total quantity applied, but much of 
this could be trapped and recirculated if desired. 
Foam can be generated satisfactorily with a net of 
the same area or with an area less than that of the 
entry, provided the air velocity through the net 
ranges from 80 to about 600 fpm. With the net of 
smaller area properly sealed in the passageway, 
the foam flows as it is generated and fills the entire 
entry. A small net is installed more quickly and 
easily than a large one. 

Length of the foam plug depends primarily on 
available air pressure; the roughness and other 
characteristics of the road surface; and the water 
content, viscosity, and other properties of the foam. 
Loss of solution at the net decreased, and the initial 
water content of the foam increased, with an in- 
crease in initial air velocity. Maximum plug length 
was proportional to the logarithm of available 
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air pressure. At a given air pressure the length 
of the foam plug decreased as the water content of 
the foam increased. Average values for the length, 
the water content of plugs, and the corresponding 
air pressures required to drive the foam generated 
with 0.4 pct solution are given in the accompanying 
table (page 995). 

In one test foam was generated initially with the 
mine fan, and after a 900-ft foam plug had devel- 
oped, the small fan of the USBM’s portable unit was 
started. In this way the foam advanced a total dis- 
tance of 1600 ft from the net. Actually more than 
2000 linear ft of foam was ultimately generated in 
this 72-min test inasmuch as the foam also filled 
some abutting passageways. Measurements at a sta- 
tion 1300 ft from the net showed that the plug front 
contained 1.4 oz of water per cu ft of foam 48 min 
after the start of the generation of the foam. The 
maximum driving pressure applied to the plug was 
5.2 in. of water pressure. In a second trial foam was 
generated with the portable unit only; the plug had 
advanced 1020 ft when the fan stalled at 2.9-in. 
water pressure. In a third trial the mine fan was 
operated at a medium speed in opposition to the 
portable unit (the mine fan has a pressure potential 
equivalent to 1 in. of water at this speed). When the 
small fan was started, it reversed the air movement 
in the entry and foam was moved 760 ft away 
from the net. The effective driving air pressure was 
1.9 in. of water, or the difference between the pres- 
sure potential of the small fan and that of the main 
mine fan. 

Additional experiments in the mine showed that 
foam plugs could be generated equally well in 
either a blowing or an exhausting ventilating cur- 
rent, as well as in an atmosphere of reduced oxygen 
(black damp). Furthermore, foam travel was not 
affected by an obstruction which restricted the area 
of an entry by as much as 90 pct; in tests, the foam 
expanded from an entry 7 ft high to fill a cavity 17 
ft high. In another experiment, foam was driven up 
a 50-ft vertical shaft with a pressure equivalent to 
l-in. water gage. 


SUMMARY 


The experiments conducted by the USBM have 
shown the potential value of the foam-plug method 
for fighting fires in either coal or metal mines. An 
incipient fire should be attacked promptly with 
water, rock dust, or other approved and readily 
available extinguishing agents: where heat, roof 
falls, and smoke prevent a direct approach to the 
fire, the somewhat more involved procedure of 
using foam may be effective. The official report 
pertaining to the results of these experiments and 
the suggested procedures for applying such methods 
were recently published by the Bureau.® 
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AGE OF COEUR D'ALENE MINERALIZATION: 
AN ISOTOPIC STUDY 


by A. SILVERMAN, A. LONG, AND J. L. KULP 


Discussion of 


THE GEM STOCKS AND ADJACENT OREBODIES, COEUR D’ALENE DISTRICT, IDAHO 


arth Crosby has written an excellent geologic 

description of the deposits surrounding the Gem 
stocks in the Coeur d’Alene district. The ore de- 
posits in the area of the Gem stocks may hold the 
key to the age and mineralization history of the 
entire Coeur d’Alene district. 

A recent isotopic study” of the Coeur d’Alene 
district in this laboratory illustrates that a classical 
geologic interpretation of these deposits, with its 
implications for the whole district, may lead to 
erroneous conclusions. For this reason it seems 
pertinent to submit a summary of these results and 
an interpretation of the mineralizing history of the 
Coeur d’Alene districts. 


Pitchblende from the Sunshine mine has been 
dated as 1100-1200 million years (m.y.) by Kerr and 
Kulp,” and Eckelmann and Kulp.” This pitch- 
blende is known to predate the major sulphide in- 
troduction in the Sunshine mine, but it clearly fol- 
lows the metamorphism and folding of the Belt 
Series. Recently, Goldich (personal communication) 
dated sericite from the Belt rocks as 1200 m.y. by 
the potassium—argon method. This date establishes 
a minimum Belt age if the sericite is of metamorphic 
origin and a maximum age if detrital. The Belt 
Series, therefore, is not latest Precambrian. 

Lead isotope ratios of galenas have been measured 
and model ages calculated by Bate, et al® for the 
Sunshine mine, Farquhar and Cumming” for the 
Bunker Hill and Sullivan mine, and Cannon”” for a 
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few other deposits in the district. Galenas from simi- 
lar deposits in Southern British Columbia have been 
measured by Bate, et al,* Farquhar and Cumming,” 
and Wanless and Leech.” 

The new work in this laboratory includes leads 
from ten widely scattered mines north and south of 
the Osburn fault, and through a vertical distance 
of over 5000 ft (Star mine). Included in this group 
are the Hercules, Sunset, and Mountain Goat mines, 
which are adjacent to the Gem stocks. In addition, 
galenas from stringers which cut the Gem stocks in 
the Success and Sunrise mines and the Hercules 
hanging wall dike in the lower western portion of the 
Hercules mine, were included in the study. 

All of the above leads, except one, give model 
ages of 1300-1400 m.y. for the time of segregation 
from the parent material. The concordance of the 
common lead and U-Pb ages, the great horizontal 
and vertical uniformity of the lead ratios, the sul- 
phur ratios of two Sunshine mine galenas and three 
galenas from the Edith, Page, and Hercules mines 
indicating average crustal sulphur, and the U/Pb™ 
ratio inferred for the original lead environment, in- 
dicate that the entire mineralization of the Coeur 
d’Alene-British Columbia base metal belt was de- 
rived from a deep source and emplaced in the Pre- 
cambrian. 

One sample of galena from sulphide stringers 
cutting the North Gem stock at the Sunrise Prospect 
mine gave a modern (i.e., Tertiary) lead ratio. This 
mine is located at the northern tip of the stock. The 
presence of modern lead suggests mobilization of 
some rock lead during the intrusion of the Gem 
stocks and their outliers. Larsen et al.” have dated 
the Gem stocks as Tertiary by the lead alpha method. 
If Coeur d’Alene mineralization was genetically 
related to Tertiary magma formation and intrusion 
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in the Idaho-British Columbia area, all the leads 
should have modern, or at least intermediate, ratios. 
This is obviously not the case. 

It is important to emphasize that Piper’s study” 
clearly indicates that almost all the deposits lie out- 
side the contact metamorphic halo of the Gem stocks. 
Two mines, the Success and the lower western part 
of the Hercules, where ‘‘contact metamorphic type” 
characteristics in mineral species and form are 
dominant, are intimately associated with silicic 
dikes of apparently pre-ore and post-ore age. Where 
the Hercules hanging wall dike, in the lower western 
part of the Hercules mine, terminates, the intensity 
and structure of the mineralization change to those 
typified by hypothermal deposits. The absolute ages 
of these dikes are unknown and may be Precambrian. 
An attempt by our group to date the Hercules dike 
was prohibited by the paucity of mica in the samples; 
however, the project may still be completed on new 
material. 

The recent observation by Crosby that the main 
mass of monzonite cuts ore in a stope of the Success 
mine establishes the pre-stock age of the ore in one 
important orebody. It must be assumed that Crosby’s 
reason for suggesting contemporaneous crystalliza- 
tion of monzonite stringers and sulphide in another 
part of the same stope was based on failure to ob- 
serve cross-cutting relations. However, the simul- 
taneous crystallization of monzonite and sulphide 
in distinct bodies within the same confined area, is 
highly improbable. There is no evidence that major 
ore was emplaced after the main mass of monzonite. 
Minor veins of ore which cut the monzonite may only 
indicate remobilization of previously deposited 
sulphides by the thermal effects of the monzonite 
intrusion. Sulphide in small stringers cutting the 
Hercules dike and Gem stocks have lead isotopic 
compositions consistent with the main mass of ore 
in the district, thus pointing again to local remobili- 
zation. Crosby also concludes, on observational evi- 
dence, that the sulphide stringers cutting the Her- 
cules dike are post-dike. Local remobilization is also 
consistent with Waldschmidt’s” observations in the 
Star Mine. 

Based on consideration of the isotope data, it is 
most likely that the entire northern Idaho-British 
Columbia base metal belt was mineralized at the 
same time. Although the isotopic data available at 
present indicate that mineralization was of Precam- 
brian age, the Gem stocks area presents geologic re- 
lations which may be in conflict with this thesis. 
Work is presently being completed on potassium- 
argon dating of early hydrothermal biotite from the 
Frisco mine. Although these data are not now avail- 
able, it may still be fruitful to speculate on the re- 
sults and consequent interpretation of the mineral- 
izing history of the area. 

A Precambrian age for the Frisco mine biotite 
establishes the age of the Coeur d’Alene ores. The 
intrusion of Tertiary magma, controlled by Pre- 
cambrian structures, to form stocks and dikes would 
be unrelated to ore deposition save for local re- 
mobilization. The contact metamorphic and hypo- 
thermal type ores would be the product of high 
temperatures of, and metasomatism by, the ore 
solutions. Kullerud™ has recently ascribed tempera- 
tures of around 500°C to ores of a mesothermal type 
in the Breckenridge district, indicating that ore 
deposition may take place at temperatures well 
above what is predicted in classical hydrothermal 
theory. Several Mexican deposits (e.g. the Naica 
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deposit as described by Bassett”) show intense sili- 
cation in wallrock and ore, but are spatially far re- 
moved from intrusives. 

The only other expected age for the biotite is 
Laramide. Any intermediate age could be derived 
by argon loss from older (Precambrian?) biotite. 
Biotite and related sulphide mineralization of Lara- 
mide age impose a complex history of mineraliza- 
tion. The ores, however, could not be genetically 
related to the intrusives (i.e., derived directly from 
the intrusives) regardless of a Laramide age. 

Tertiary mineralization would necessitate a Pre- 
cambrian segregation of lead from its source. This 
lead must then be introduced into a low U-Th 
crustal environment, in order that contamination 
by more radiogenic lead would be a minimum. It 
is difficult to postulate a crustal environment that 
would not measurably change the lead ratios during 
approximately 1300 m.y. One possibility is that the 
lead was deposited in a relatively confined volume 
as previously existing ore deposits. The Laramide 
orogeny would have to remobilize, transport, and 
emplace the lead without contamination from rock 
leads of the surrounding area. This would be im- 
probable for lead disseminated throughout a great 
volume of crust. The Precambrian lead ratios could 
remain unchanged if the lead of previously existing 
ore deposits was remobilized during the Laramide 
and moved rapidly through the crust along pro- 
nounced structures to its present position. Tugarinov 
(private communication) appears to have found 
lead in the Urals with a similar history. This process 
may present some ambiguity in the interpretation 
of lead isotopes alone. Nevertheless, if the absolute 
age of mineralization may be determined inde- 
pendently, and geological relations are clearly un- 
derstood, these data provide a powerful insight into 
the mechanism of ore deposition and origin of the 
ore in a given area. 

The authors wish to express their sincere apprecia- 
tion to Mr. Crosby for helping with sample pro- 
curement and generously providing geological in- 
formation. 


Editor’s Note—The author, Garth M. Crosby, is in cor- 
respondence with A. Silverman, A. Long, and J. L. Kulp. 
His response has not been prepared at this time. 
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ACTIVATION OF SPHALERITE WITH LEAD IONS 
IN THE PRESENCE OF ZINC SALTS 


ABSTRACT: 


The activation of sphalerite was found to occur at a much lower rate with 
Pbt+ than with Cut+ or Ag+. To prevent activation with Pb++, the ratio L2"++ 


in solution must approximate 103. 


Pb++ 


An example is given illustrating how this 


condition 1s met in practice through the addition of zinc sulfate and soda ash. 


In selective lead-zinc flotation, the mill operator, 
especially the one who is concentrating a partially 
oxidized ore, often must add zinc sulfate and/or soda 
ash for effective depression of the sphalerite. In the 
present paper the authors show how this practice pre- 
vents the activation of sphalerite in the presence of 

A number of years ago Gaudin") postulated that 
Zn*++ might control the activation of sphalerite with 
Pbt+ through competitive adsorption. However, recent 
experimentation has shown the activation of sphalerite 
with Ag+ and Cut++ to be a chemical reaction in which 
silver or copper ions replace zinc in the sphalerite 
lattice through the formation of a more insoluble sul- 
fide ‘23+4) Thus, if activation with Pb+t+ is similar 
to that with Ag+ or Cu+t+, zinc salts should control 
the activation of sphalerite not through competitive 


in-solu- 


adsorption but because the ratio of 
tion regulates the extent of the chemical exchange 
between Zn ++ and Pb++ in the solid phase. 

The objective of this investigation has been to 
study the kinetics and equilibrium conditions for the 
uptake of Pb++ by sphalerite and to investigate the 


prevention of lead activation with zinc salts. 


BASIE PRINGIPL ES 


Sphalerite activation has been show. to be a re- 
placement reaction wherein a less soluble compound 
is formed at the expense of the more soluble zinc sul- 
fide (2+ 3+ 4) For example, if sphalerite is placed in 
an aqueous silver nitrate solution, ZnS gives to the 
solution more S~ than can exist together with Agt, 


and hence the following reaction takes place: 
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(1) 
[ Zn++_ | 
Agt++ ? 


Therefore, ZnS will dissolve in the presence of Agt 


K = 


and activation of sphalerite with Agt will proceed 
after monolayer coverage by solid state diffusion un- 
til equilibrium conditions are reached in the system 
(2, 4) Because of the large difference in the solubility 
of ZnS and Ag, S, zinc salts cannot affect the reac- 
tion unless a complexing agent, such as cyanide ions, 
is present to complex Ag+ more tightly than Zn ++, 
By complexing Ag+ and Znt+ in solution, the uptake 
of Ag+ by sphalerite can be regulated by controlling 
the ratio Aneel Experimentally ‘?) it was found 
that the activation of sphalerite by Agt could be pre- 
vented through the addition of NaCN if this ratio 
reached a value of approximately 102°. 

The mechanism of sphalerite activation with 


copper salts is given by the following reactions: 


(2) 
[ Cut+ 


[ Zn++ ]  _ 


Experimentally Mao (3) found that the activation of 
sphalerite with Cutt or Cut was prevented if the 
ratios expressed in Equations 2 and 3 were approxi- 
mately 10° and 1072 
as the deactivator. 
Although zinc salts do not affect the activation 


1023 


, respectively, with cyanide ions 


of sphalerite with silver or copper ions in the absence 
of a complexing agent, activation with lead ions theo- 
retically can be controlled by the addition of zinc 
salts because of the relatively small] differences be- 
tween the solubility of ZnS and PbS (5), Equilibrium 


[ | 
| 
| 


conditions for the reaction are given by kKq. 4. 


ZnS. Pb tt PbS + Zn tt: 


4 
103 (4) 
~ [Pb++] 


Theoretically, therefore, zinc salts should be able to 
prevent Pbt++ activation if the ratio of es ex- 
ceeds a value of approximately 10° in solution. 


EXPERIMENTAL MATERIALS AND METHODS 


Two different batches of Oklahoma sphalerite 
were used in this investigation. From the first, called 
Sample 1, a 65/100- mesh fraction was prepared and 
concentrated with a Richards Hindered Settling Tube, 
electrostatic separator, and Haultain Super- panner 
to remove noticeable quantities of galena, marcasite, 
and pyrite. With this procedure, the lead content of 
Sample 1 was reduced from approximately 2% to less 
than 0.02% (See Table I). The mineral was then clean- 
ed with successive volumes of distilled water, eth- 
anol, benzene, again ethanol, and finally flushed 
thoroughly with conductivity water. A flow of pre- 
purified nitrogen was used to dry the sphalerite. 


Table — Chemical Analysis of Sphalerite 


Element Sample 1 Sample 2 
Zn 65.96 % 65.75% 
32.64 
Pb 0.02 0.00 
Cu 0.05 0.02 
Fe 0.11 0.35 
Cd 0.54 0.24 
Insol. 0.48 1.43 

99.80 % 99.91% 


The specific surface area of the sphalerite was 620 
cm” per gram. Sample 1 was used for the experiments 
on activation kinetics. 

A second sample of sphalerite, Sample 2, was 
used for experiments on the uptake of Pbt+ in the 
presence of added zinc salts. Since this sample ap- 
peared to be free of galena, the material as received 
was crushed, and two size fractions 65/100 and 200/ 
400-mesh, were cleaned* by leaching with aqueous 
solutions of the following salts in succession: sodium 
cyanide, alkaline hydrogen peroxide, and zinc acetate. 
After cleaning, the sphalerite was washed thoroughly 
in conductivity water and stored under water until 
used. In Table I, the chemical analysis of sphalerite 
Sample 2 is also presented. The surface area of the 
65-100-mesh material was found to be 670 cm? per g 
and that of the 200/400-mesh material 1320 cm? per g. 

For studies on the uptake of Pbt+ by sphalerite, 
radiometric techniques using the isotope Pb”, which 
emits 0.47-Mev gamma radiation and possesses a 
fairly short half-life of 52.1 hours, were developed. 
For this reason, it was necessary to have a fresh 
sample prepared prior to each series of experiments 


* This improved cleaning technique was developed after the ex- 
periments with Sample I had been completed. 
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by deuteron bombardment of thallium foil in the 
M.I.T. cyclotron. The lead was converted to lead ni- 
trate through an ion-exchange scheme of purifica- 
tion, the details of which can be found elsewhere'®), 
Standard polarographic techniques were used to 
check the tracer techniques and to determine the 
amount of Znt+ in solution. For this part of the in- 
vestigation three grams of sphalerite were weighed 
into glass-stoppered containers. A total volume of 
fifty ml of solution containing the desired lead con- 
centration was accurately measured into each con- 
tainer and then agitated for various time intervals, 
after which, the phases were separated and aliquots 
taken for counting purposes and pH measurement. 
The activity of the liquid and of the dried solid was 
measured with a scintillation counter and scaler. 

The second series of tests was designed to 
show how Znt+ can prevent the uptake of Pb+* by 
sphalerite. In this series of experiments, the initial 
concentration of lead nitrate was maintained con- 
stant at 16 mg per liter (10 ppm of Pbt+) and the 
concentration of Znt++ in solution was varied by the 
addition of zinc acetate. Zinc acetate was used as 
the source of Zn++ since it is a neutral salt in solu- 
tion. In each case, 5.7 + 0.2 grams of sphalerite 
(Sample 2) were agitated for the desired time period 
with 100 ml of solution. After agitation, the liquid 
and solids were separated by filtration and the Pntt 
and Zn++ concentrations in solution were determined 
by standard colorimetric techniques. 


EXPERIMENTAL RESULTS 
Pb++ Uptake by Sphalerite 


By means of tracer and polarographic techniques, 
the uptake of Pb++ by sphalerite was measured as a 
function of time for the following additions of lead 
nitrate to 50 ml of water: 2.4 x 1077, 1.2 x 

2.4 x 10°°, 4.8 x 107°, and 2.4 x 1075 mole (5 mg Pb). 
In Fig. 1, the uptake of Pb++ as mole per gram of 
sphalerite and as mole per cm” of surface is pre- 
sented as a function of agitation time. 

Monolayer coverage is marked with a dotted 
line in Fig. 1. The surface of crushed sphalerite is 
comprised mainly of dodecahedral cleaveage faces 
which have two cationic sites for each 41.6 A? of 
surface area ‘2), Thus, the quantity of Pb*+* to form 
a monolayer on one gram of 65/100-mesh sphalerite 
having a specific surface area of 620 cm? will be 
0.50 micromole. 

When the total initial lead addition was 2.4 x 
10-? mole (0.05 mg), Pb** uptake was found to in- 
crease with agitation time up to about 15 minutes, 
after which time the mineral ceases to abstract Pbt+ 
from solution. Under these conditions, 87% of the 
lead has been removed from solution by the mineral 
and the concentration of Pbt+ in solution is 3x 1078 
mole/50 ml or 6 x 10°? M. Here the concentration of 
Zn++ in solution was found to be 4.1 x 1075 M. In 


this case, uptake of Pb++ by the sphalerite has 
ceased below monolayer coverage and below deple- 
tion of lead from the solution. 

At high initial lead nitrate con centrations, the 
quantity of Pbt+ abstracted by sphalerite appears to 
be a straight line on a log-log plot. According to Fig. 
1, monolayer coverage does not affect the rate of up- 
take of Pbt+ by sphalerite since there is no inflec- 
tion of the curve at this point. 


Effect of Znt+t+ on the Uptake of Pbt++ 


A series of experiments were made with both 
65/100 and 200/400-mesh sphalerite to ascertain the 
effect of the addition of zinc salts.on the uptake of 
Pbt++ by sphalerite. Since the mineral was transferred 
wet to the 100 ml flask by a small scoop, the amount 
of sphalerite used each time was not exactly the 
same; but the small variation (5.7 + 0.2 g.) in weight 
should have only a slight effect since conditions in 
solution determine equilibrium. In each case the min- 
eral was agitated in a solution containing 4.8 x 107° 
M lead nitrate (10 p.p.m. Pb) with different amounts 
of zinc acetate ranging from no addition up to 0.02 M. 
Agitation time was varied from 30 minutes up to 16 
hours. In the absence of added zinc acetate, zinc 
salts were present in solution through oxidation of 
the mineral and because of the exchange of lead for 
zine at the mineral surface. For low additions of zinc 
acetate, the concentration of Zn++ was determined 
in each case by colorimetric analysis. 

In Fig. 2, the percentage of added Pbtt+ which 
has been abstracted by the sphalerite is plotted as a 
function of the final concentration of zinc salts in 
solution for experiments with both 200/400 and 65/ 
100-mesh sphalerite. These data show that equilib- 
rium appears to have been reached within 30 minutes, 
As can be seen from Fig. 2, extraction of Pb*+t is 
95% complete in the absence of added zinc acetate 
and is nil when the concentration of zinc acetate is 


about 10°? M. 


DISCUSSION OF RESULTS 


Rate of Uptake 


Before equilibrium conditions are reached, the 
uptake I” of lead by sphalerite as mole per g. can be 
represented by the following equation: 


k (5) 


where tis the time in minutes, k and n are constants 
for a given initial lead concentration. Both k and n 
have been calculated for the different initial lead 


concentrations, and the results are tabulated in Table 


II. The value of n appears to be essentially constant 
for initial lead additions beyond 2.4 x 107° mole. In 
contrast to the uptake of Agt or Cutt, the formation 


of the lead sulfide coating on sphalerite is quite slow. 


Furthermore, the kinetics for abstrattion of Pb+t are 
considerably more complex than the parabolic rate for 


Cut* or the logarithmic rate for Agt. 


Table II — Evaluation of the Constants n and k 
in Equation 5 


Total Initial Pbtt+ Addition n k 
1.2 x 107° mole 0.20 1.0 x 10? 
2.4x 107° 0.26 9.3 x 10° 
4.8 x 107° 0.28 7.6 x 10° 
2.4x 1075 0.28 4.7 x 10° 


Effect of Zinc Salts on the Uptake of Pbtt+ 


Provided the activation of sphalerite with Pb** 
is a chemical exchange reaction, zinc salts can pre- 
vent the activation if the ratio £n++_) in solution 
is 10°. This ratio signifies the contration of free 
Zn++ and free Pbt++ in solution. Since both lead ‘7? 
(8) ions form complex ions with acetate ions, 


some of the zinc and lead in solution will exist as 


and zinc 


complex ions and the concentration of uncomplexed 
Pbt+ and Zn++ must be calculated. 


(Pb Ac)+ === Pbtt + 


K = 3.7 x 1073 (6) 

(7) 
K =3x 


Using these instability constants for the lead and 
zinc acetate complexes and data from Fig. 2, the 
concentration of free Zn++ and free Pbt+ have been 
calculated. With these data the ratio peeqrisr 
been evaluated for the uptake of lead ions by sphal- 
erite for the agitation periods ranging from 1 to 16 
hours, and the data for both the 200/400 and 65/100- 
mesh sphalerite are presented in Table III. Accord- 
ing to Eq. 4, the value of this ratio should be 10°. 
Considering the data in Table III, the validity of 
both the high and the low values of the ratio CPr 
might be somewhat open to question. If none of the 
added Pbt+ was extracted by the mineral, the ratio 
would have a meaningless value (because of the 
absence of the PbS phase) depending upon the 


amount of zinc acetate in the system. Possibly 
data where less than 10% of the Pbtt+ was extracted 


Table If] — Evaluation of the Ratio [Zn++/ 
{ Pb++ | for the Uptake of Pbt* from 


Solutions Containing Zinc Salts 


200/400-mesh Sphalerite 


Total Zine Fraction of 

Agitation in Soln., Added Lead [_2n++_} (Pb++ ][Zn++ 
Time, Hr. mole/l on Mineral, % mole/1 mole/1 ] 

1 5.5 x 107" 90 10 150 

1 70 9.4x10 9.3 x10 

1 38 2.5x10° 1.3x10° 190 

1 6 6.5 x 107° 8.4.x 10-6 770 

1 0 10° 9.0% 720 

2 10° 73 8-5 110 

2 107° 9 6.5 x10 8.3 x 10° 790 

16 3 x10 97.5 107 1.2 x10) 30 

16 1 6.5 x107> 9,0 x10” 720 


65/100 - mesh Sphalerite 


Total Zinc Fraction of 


Agitation in Soln., Added Lead [-Zn++_] _] 
Time, Hr. mole/1 on Mineral, % mole/1 mole/1 [ Pb++_] 
1 37 2.5x10 1.2x10 210 
2 107° 96 10" 1.9% 10°. 20 
2 3.7 x 107° 28 3.0x 107 1.2x107 250 
18 4.5x10°1.0x10° 450 
3 2.5.x 107 97 2.5x10° 1.4x10° 20 
3 1 x10 71 9.4x107%9.1x10° 100 
3 28 2.8 x10 1.4x10 180 
3 3 65x10 9.8x10° 740 
3 0 1.0 x 1072 5.3x 10 1900 
16 1.4 x 1077 0 8.2x107 7.5x 10% 1100 


might be questioned because of the analytical preci- 
sion. It should be added that the three lowest ratios 
(20, 20, and 30) were obtained with tests in which no 
zinc acetate had been added and that the results de- 
pend upon the direct assay of small concentrations of 
Zntt+ and Pb++, Exclusive of the high and low values 
of Cees , the values of the ratio average some- 
what above 102. In Turkanis’ work?) with Agt, the 
ranged from 1023 to 102° (107° being 
the theoretical value). Mao’s work‘) on the uptake of 


ratio 


copper by sphalerite showed that the experimental 


ratios of £2"++) and tur were approximate- 
9 u++ u+ 2 

ly 10’ and 102, respectively, with the theoretical 

values being 10!! and 102°, respectively. Thus, the 

experimental relationship between zinc ions and var- 


ious activating ions essentially is that which solu- 
bility product relationships predict. 


Zinc Sulfate in Selective Galena -Sphalerite 


Flotation Practice 


The concentration of dissolved lead ions in a 
suspension of galena in water experimentally was 
found not be be the low value expected from the solu- 
bility product of PbS but was 1.4 x 10-4 M‘®), Thus, 
the solution appears to be saturated with lead sul- 


fate, one of the oxidation products of galena‘!®), 


PbSO, 
K = 1.3 x 1078 


(8) 


In flotation practice, the Pbt++ concentration will 
probably approach the theoretical value for PbSO, 
given by Eq. 8. Consequently, the mill operator must 
control the action of Pb++ if he does not want to 
float lead-activated sphalerite in the galena flotation 
circuit. Generally the pulp is made alkaline through 
the use of soda ash to reduce the concentration of 
Pb+t. The following chemical reactions are appli- 


cable to the system"); 


+ 2 OH=: 


(9) 
K = 10715 
Zn(OH) Znt+ + 2 OH-; 
K=1x107!? (10) 
3 P GP CO3 (11) 


K = 1.5 x 10713 
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ZnCO3 Zn*++ + CO3 = 5; 


(12) 
K =2x 107! 
+ 
HCO 3 H CO3 (13) 
K = 4.8 x 1071! 
H,CO3 H + HCO3 (14) 


K = 4.2 x 10°? 


If calcite is present in the ore, these same reactions 
take place without the addition of soda ash because 
of the solubility of calcite. As can be seen from the 
preceeding equations, carbonate ions are more effec- 
tive than hydroxyl ions in reducing the concentration 
of Pbt++ in solution. However, to prevent even the 
limited Pbt++ in solution from activating sphalerite, 
conditions must be such that Hie is at least 
10° (Eq.5). 

The common ion effect, upon which sphalerite 
activation itself is based, states that the ratio of 
the concentration of two ions in solution is deter- 
mined by the ratio of the solubility products of the 
two salts. If hydroxyl ions are used to control the 
willbe 
2 x 1073 whereas activation is prevented only if the 
ratio is 10°. Thus, the regulation of Pb++ with hy- 


droxyl ions cannot be used to prevent activation. 


concentration of Pbt+, the ratio of 


However, in the presence of carbonate ions the ratio 

is 2 x 10719 + 1.5 x 10714 or 1300 which 
satisfies the required conditions. Possibly this is 
why the mill operator often prefers the more expen- 
sive soda ash for pH regulation. 

An example of the composition of the liquid 
phase in a selective lead-zinc flotation mill can be 
analyzed from data given by Taggart °°). The Bunker 
Hill operation was selected because the ore is sili- 
ceous and carbonate ions in the pulp result mainly 
from the added soda ash. In the Bunker Hill mill, 
0.50 lb. zinc sulfate and 0.45 lb. soda ash per ton 
of ore are added to the ball mills. Since galena flo- 
tation takes place at 38% solids and pH 7.6, the con- 
centrations of Pbt+ and Zn++ are 2.2 x 10-7 and 
2.9 x 10°4 mole per liter, respectively in the ] ead 
circuit. Thus, the ratio Pb is 1300, a value 
large enough to prevent the activation of sphalerite 


with Pbt+t, 


SUMMARY 


In the experiments presented in this paper, the 
uptake of Pb++ by sphalerite was found to be slow, 
depending upon approximately the fourth root of time. 
The equilibrium uptake of Pb++, however, was found 
to depend upon the concentration of Zn+t+ in solution. 
If the ratio TR in solution is less than approx- 
imately 10°, Pbtt+ ‘will be abstracted by sphalerite. 
By adding zinc salts so that the ratio L2Z"++] jg 
greater than 10°, Pbt++ cannot go to the eWelace and 
activation is prevented, 

In the selective flotation of lead-zinc ores, the 
major function of the addition of ZnSO, must be to 


prevent activation of the sphalerite with Pbt++. Soda 
ash is also effective in preventing the activation of 
sphalerite because carbonate ions limit the ratio 


=p to a value which prohibits activation of 
sphalerite. 
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Fig. 1 — Uptake of Pbtt by sphalerite as a function of 
agitation time. 
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LOCATION OF CLAY DEPOSITS BY COMBINED 
SELF-POTENTIAL AND RESISTIVITY SURVEYS 


ABSTRACT: 


A commercial deposit of white kaolinite clay contained in the sandy overburden 
of the Cambrian Gatesburg formation in Central Pennsylvania was successfully 
mapped by combined SP and resistivity methods and results were checked by 
drilling. Resistivity minima in the range between roughly 2000 and 3500 ohm- 
meters coupled with second-order SP maxima of 50-60 mV contrast were found 
to characterize commercial white kaolinite clay beneath not more than 30-40 ft. 
of sandy overburden in the area studied. This investigation supports the hypoth- 
esis, established previously, that certain SP phenomena may reasonably be as- 
cribed to diffusion and membrane potentials produced by interaction of clay 
lenses, sandy matrix, and ground waters. The success of this test proves that 
this prospecting technique can assist in locating clay deposits in sandy over- 
burden derived from the weathering of sandstones and carbonate rocks such as 


the Cambrian formations of Central Pennsylvania. 


INTRODUCTION 


In a recent paper, Gross and Moore (1959) de- 
scribed broad self-potential minima above the out- 
crops of the Cambrian Gatesburg formation. These 
‘first-order’? SP anomalies, of 120-350 mV contrast 
(Figure 7), are related to the peculiar sandy residual 
soil covering the Gatesburg formation. Small positive 
(*‘second-order’’) peaks of 50-60 mV contrast are 
superposed on the bottom or flanks of the first-order 
troughs. They appear to be related to lenses and lay- 
ers of kaolinite clays within the sandy Gatesburg 
overburden. Both first-order and second-order anom- 
alies show a characteristic inverse relationship with 
apparent resistivity profiles in most cases, An ex- 
planation in terms of liquid-junction and shale poten- 
tials was advanced. According to this working hypoth- 
esis, shale potentials are generated: 1) at the contact 
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of the sandy Gatesburg overburden with the more 
argillaceous soils of surrounding formations; 2) at 
the boundary of clay lenses contained in the sandy 
matrix of that overburden. Concentration gradients 
between interstitial infiltration waters and perched 
water tables within the Gatesburg overburden are 
believed to give rise to the liquid-junction poten- 
tials. 

In order to test this hypothesis further, a de- 
tailed study was carried out of a second-order posi- 
tive anomaly on the property of the Woodbury Clay 
Co. at Mines (Blair County, Pa., Hollidaysburg folio 
of the U.S. Geological Survey). A second aim was to 
establish if combined SP and resistivity surveys are 
suitable as a practical method for delimiting favor- 
able areas in which commercial kaolinite clay de- 
posits may be found by drilling. Drilling control was 
provided by the Woodbury Clay Co. 


PROCEDURES 


Instrumentation used for SP measurements was 
the same as described in the paper mentioned, For 
resistivity surveys, a direct-current voltmeter-amme- 
ter device built by Georator Corp. of Manassas (Va.) 
was used in combination with non-polarizing elec- 
trodes from the same manufacturer, Power was sup- 
plied by one to six 45-volt, heavy-duty B-batteries 


(dry cells). The work was carried out during the very 
wet summer of 1958, 


BELLEFONTE DOL 

aXxemann ts 

[XEN NITTANY DOL 

LARKE DOL 

MINES 

Fj OREHILL LS (in Gotesburg Dol) 
GaTESBURG DOL 

STACY DOL 

WARRIOR LS 


FORMATION BOUNDARIES 
FAULTS 
aa, Vill PROFILE LINES 


—— AREA OF EQUIPOTENTIAL SURVEY 
CLAY PITS 


4-6 IRON ORE PITS 


OVERBURDEN 
4.5-8 KQ-m (Type |) 
BESS 1.5- 4.5 (Type 2) 
< KQ-m (Type 3) 
| 
‘| 


SO 250 1000 ft 


b 


FIG. 1 a) Geological map of the Mines area (after 
Butts, 1945). 
b) Types of overburden distinguished in the 
Mines area. 


The area studied is shown in Figure la. Geology 
is taken from Butts (1945) with minor modifications. 
The overburden is estimated or known from drilling to 
be deeper than 200 ft. in places. Soils are strongly 
acid (podzol). One of the largest Central Pennsyl- 
vanian clay deposits has been worked here for over 
50 years, and limonite was mined during the past cen- 
tury. Quartzites and sandy dolomites of the Gatesburg 
formation crop out a few miles north. The Ore Hill 
limestone and some carbonates and quartzites of the 
uppermost Gatesburg come to the surface in the ex- 
treme southwest comer of the area studied.*) 

Figure 1b shows the distribution of three types 
of overburden which have been recognized in the area 
on the basis of electrical traverses. It is seen that 
their outlines do not coincide with the presumed for- 
mation boundaries. These three types of overburden 
are as follows: 


1) A highly resistive (0-4500-8000 ohm-meters), 
heterogeneous, very loose mixture of sand, 
some clay, quartzite boulders, and quartzite 
fragments-of many different sizes. Material 
derived mainly from Gatesburg quartzites. 
Forms topographic highs. 


*Mr. J.M. Stevens, manager and geologist of the Woodbury Clay 
Co., has discovered and pointed out to the writer that these strata 
strike between east-northeast and west-southwest and that they 
dip due north. This suggests the existence of tectonic complica- 
tions not represented in Figures 1 and 7 because their true nature 
remains unknown. This, however, does not affect the major con- 
clusions of this paper, which are based on overburden character- 
istics subject to direct observation. 


2) A clay-sand mixture of 1500-4500 ohm-meters 
apparent resistivity. It is found in topographic 
depressions and contains the clay deposits 
under study. 


3) A clay-rich overburden of low apparent re- 
sistivity (less than 1500 ohm-meters) and 
high SP values. It characterizes the Ore Hill 


and Warrior limestones. 


Figure 2 shows the combined spontaneous equi- 
potential, iso-ohmic, and drilling survey. In an area 
of roughly 600 ft. by 600 ft. a pattern of ten parallel 
lines running west-northwest, and 60 ft. apart, was 
laid out. Resistivity ahd self-potential measurements 
were taken at 30 ft. intervals along these lines. All 
self-potential measurements were carried out from a 
transverse base line and tied together along this line. 
All measurements were then reduced to the common 
reference point, R, located at the center of the base 
line. Closure was checked by measurements along 
closed paths starting from R. Significant points of 
the pattern were drilled with a jeep-mounted percus- 
sion drill. The average drilling depth was 30-40 ft. 
Many additional measurements of the same type, not 
shown on the figure, were taken in nearby areas. 

All self-potential profiles were run at least twice 
(some as often as four times) and the results averaged. 
This was necessary because measurements with 
short spacings (i.e., less than 150 ft.) in highly re- 
sistive and heterogeneous terrain such as the one 
under study are severely affected by local-inhomo- 
geneity effects, electrode-contact potentials, elec- 
trode-surface conduction, humic substances in the 
soil, and tree roots. It was found that errors due to 
these sources could be reduced to a minimum by the 
following preventive measures: making electrode 
holes from eight to twelve inches deep and cleaning 
them carefully of organic matter and pebbles; care- 
fully avoiding contact of any part of an electrode, 
other than the unglazed base, with the walls of the 
hole; wetting down electrode holes with a small 
quantity (80 ml) of a dilute solution of concentrated 
pure copper sulfate solution (80 ml per gallon of tap 
water); and taking all readings twice with the elec- 
trodes interchanged in relative position. Careful 
checks showed that wetting-down as described did 
“‘go00d’’, 
homogeneous ground within the accuracy of measure- 


not appreciably affect measured values in 


ments. It did, however, eliminate or reduce random 
irregularities of the potential curves attributed to 
the error sources enumerated. Readings with elec- 
trodes in interchanged positions were required to 
check within 3 mV. If this was not the case, one of 
the errors just discussed or electrode polarization 
was present. One or a combination of the corrective 
procedures mentioned would, as a rule, improve the 
measurements. If the difference persisted, electrode 
polarization was indicated; this was eliminated by 
either depolarizing the electrodes or using’ a fresh 
pair of them. Error sources were found to be complex 
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and bothersome to control. It is believed that recog- 
nizing and eliminating them is largely a matter of 
experience, 

Reproducibility was considered satisfactory if 
measurements of the self-potential difference between 
any two points on different runs, on the same or dif- 
ferent days, coincided within 10 mV. 

Resistivity measurements (Wenner configuration 
in all cases) could usually be reproduced within five 
percent. The few exceptions were characteristically 
located on the heterogeneous overburden Type l. 

In Figure 2, geophysical results are presented 
as contours of the ‘‘SP-resistivity ratio’” defined as: 
10°, where is the apparent resistivity 
measured with a Wenner configuration of 30 ft. spac- 
ing. Because the absolute value of an SP measure- 
ment depends on an arbitrary reference point, the 
arbitrary number of 40 mV has been added to all SP 


measurements in order to make all values positive. 
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FIG. 2 Contour plot of the 
SP-resistivity 
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The factor 10° eliminates decimal places in the 
ratio. 

For each of the boreholes the apparent thickness 
of massive clay (that is, not disseminated in sand) 
has been plotted as follows in Figure 2: total clay 
is represented by open circles; white kaolinite clay 
is shown as solid circles, Consequently, the differ- 
ence in width between the open and solid concentric 
circles at any point indicates the amount of uncom- 
mercial (brown, purple, white sandy) clays. 

The profiles of Figure 6 were run with SP and 
resistivity spacings of 30 ft. except for the south- 
southeast (right) end where 50 ft. was employed. SP 
spacing for Figure 7 was 500 ft., resistivity spac- 
ing 50 ft. For the profiles of Figure 8, SP spacings 
of 200 ft. and a Wenner configuration of 50 ft. were 
used, However, resistivity measurements have been 
averaged for every 4 spacings and plotted at the mid- 
point of the 200-ft. SP interval. 
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FIG. 5 Line VIII of the SP-resistivity ratio 


contour plot. (Borelog symbols on 
Figure 3). 


RESULTS 


There appears to be a general inverse relation- 
ship between SP and resistivity profiles, although in 
detail departures are observed. The curve with the 
strongest SP and SP-resistivity ratio contrast also 
shows the greatest thickness of clay (Figure 4). Irreg- 
ular SP curves with no definite maximum are charac- 
terized either by small and scattered occurrences of 
clay (Figure 3) or by very abundant and widely dis- 
seminated clay content of the overburden (Figure 5). 
In some of these cases the SP-resistivity ratio curve 
gives a sharper maximum than the SP curve alone 
(Figure 5). These curves reflect the extremely irreg- 
ular and ubiquitous distribution of the clays as evi- 
denced by drill holes. There is scarcely a drill hole 
with no clay at all (Figure 2). It is seen in Figure 2 
that the area productive in commercial clay is elon- 
gated in the north-northeast direction (regional strike) 
and roughly correlates with the SP-resistivity ratio 
contours of 15 to 2. 

On the whole, the inverse correlation between 
SP and resistivity values is not as strong in Figure 2 
as on profiles run with spacings of 150 ft. or larger. 
Aside from the irregularities of clay-sand boundaries 
in this area, measurements with short spacings ap- 
pear to be strongly influenced by error sources and 
local inhomogencities mentioned above. 

There is a strong positive SP gradient in a direc- 
tion perpendicular to the profile lines (north-northeast) 
from line VIII onward (Figure 8 bb’). In correspond- 
ence with this increase in SP, borehole records show 
an increased proportion of brown clays and red-purple 
impurities in the white clays. These are decalcified 
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carbonates. Fragments of very weathered carbonates 
have been found in some boreholes, while further to 
the west rock fragments are mostly quartzite. Clearly 
the overburden as a whole becomes richer in clay 
toward the north-northeast, probably due to the for- 
mation boundary with the Larke delomite. 


There is a further strong, positive SP gradient 
noticeable at the east-southeastern end of most of 
the lines (Figures 2 and 5). But here it is accompa- 
nied by an equally conspicuous increase in resistiv- 
ity. A similar phenomenon is observed in Figure 8 cc’ 
(south-southwest end). It is conspicuous also in Fig- 
ure 6 between 150 and 300 ft. ESE. In both Figures 6 
and 8 cc’ this parallel SP-resistivity relationship is 
found in correspondence with hills formed by the high- 
ly resistive overburden of Type 1 (Figure 1b), whereas 
on overburden of Types 2 and 3 an inverse relationship 
has always been observed. The peculiar combination of 
positive SP and high resistivity may be explained in 
either of two ways: 


1) The overburden of Type 1 contains enough clay to 
make the SP strongly positive while its looseness 
and high content in quartzite boulders account for 
the high apparent resistivity. 


2) A weathered carbonate bedrock (high SP, low re- 
sistivity, as exemplified by Figure 8 dd’] is over- 
lain by a highly resistive overburden. Depth 
soundings with an expanding electrode spread 
over the portions of highest SP and resistivity of 
Figure 6 seem to support this inference. A com- 
parison of Figure 6 (line VIII of Figure 1) with 
the right-hand part of Figure 7 (line aa’ of Figure 
1) shows that the right end of the profile of Fig. 

6 falls on the eastern flank of the large first-order 
anomaly whose complete cross section is shown 
in Figure 7. This explains the strong rise in SP 
and reduction of resistivity toward the right end 
of Figure 6. This limit is characterized by very 
high values of the SP-resistivity ratio (log scale 
on Figure 6). On the other hand, a comparison of 
Figures la and lb shows that the presumed out- 
crop of the Larke delomite is covered by the high- 
ly resistive overburden of Type 1. This is the 
portion which in Figure 6 shows the ‘‘anomalous’ 
parallel rise of SP and resistivity. This parallel 
rise, in the writer’s opinion, is a second-order 


effect superposed on the first-order anomaly. It 
is caused by the highly resistive overburden of 
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Superposed on the second-order parallel relation- 
ship of SP and resistivity in Figure 6, between the 
coordinates of 450 and 600 ft. ESE, there is a weak 
third-order inverse relationship. A drill hole at 540 ft. 
has shown 6 ft. of brown massive clay beneath 40 ft. 
of a predominantly sandy overburden. 

The preceding discussion shows, if nothing else, 
that a careful study of combined SP-resistivity curves 
provides reliable clues as to the overburden composi- 
tion, 

A comparison of profiles bb’, cc’, and dd’ of Fig- 
ure 8 shows that there is no connection between topog- 
graphy on the one hand and the inverse or parallel re- 
lationship of SP and resistivity values on the other. 


Geological, SP, and resistivity profiles along line aa’ of Figure 1. 


CONCLUSIONS 


The present investigation indicates that commer- 
cial white kaolinite clay beneath not more than 30-40 
ft. of overburden is present under resistivity minima 
in the range between roughly 2000 and 3500 ohm-meters 
coupled with second-order SP maxima of 50-60 mV 
contrast. When resistivity is lower than 1500 ohm- 
meters and SP contrasts exceed 60 mV the existence 
of disseminated red or brown uncommercial clays is 
suggested. These appear to be chemically more ac- 
tive than the massive white kaolinite clays, therefore 
giving rise to higher potentials. They also appear to 
have, as arule, a higher moisture and lower silica 
content and, therefore, a lower resistivity. 
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Combined SP and resistivity surveys are useful 
as a prospecting tool for clays in the region under 
consideration. It is felt that SP surveys alone are 
adequate for outlining the first-order anomalies in the 
realm of which (bottom or flanks) the productive sec- 
ond-order peaks are found. Spacings of 200 or more 
feet should be used because disturbances due to lo- 
cal effects and sources of error become increasingly 
severe as the spacing is decreased, Second-order 
anomalies must be studied with SP spacings of 100 
ft. or less, and resistivity should be used as an aux- 
iliary tool. The method does not eliminate the need 
for drilling but assists in selecting the most promis- 
ing areas, 

Results of this investigation support the explan- 
ation of the phenomena discussed in terms of shale 
and liquid-junction potentials as proposed by Gross 
and Moore (1959). The criteria used are qualitative, 
such as the inverse relationship between SP and re- 
sistivity profiles and correlation of these measure- 
ments with clay and sand masses as evidenced by 
drilling. A quantitative evaluation would require, first 
of all, a knowledge of the ionic species involved as 
well as of their concentrations, and a detailed study 
of the surface properties of the clays existing in the 
area, These data are not available at present. 

The validity of these results may be expected 
to apply to other portions of the stratigraphic column 
where similar lithological conditions exist. This was 
found to be true for the Oriskany group (Devonian). 
‘The influence of different soil types on spontaneous 
polarization potentials of the type described also re- 
quires further study. 
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GEOPHYSICAL CASE HISTORY OF THE CLEAR - 
WATER DEPOSIT, NORTHUMBERLAND COUNTY, 
NEW BRUNSWICK, CANADA 


ABSTRACT: 


The Clearwater Deposit, a small occurrence of massive-sulphide mineralization 
enclosed in an envelope of disseminated-sulphide mineralization, was discovered 
as a result of an aeroelectromagnetic survey in New Brunswick in 1955. Subse- 
quently, additional flights were made over the deposit and various ground follow- 
up methods were employed to ascertain the nature of their response. All methods 
proved to be capable of indicating the occurrence with varying degrees of precision. 


This paper is a presentation and a discussion of the magnetic and electromagnetic 
data, both airborne and ground, and the self-potential data obtained over this 
deposit. 


INTRODUCTION 


The attention of Canadian mining exploration 
companies was initially focussed on New Brunswick 
by the discovery, in 1953, of the Brunswick ore body. 
Ground electromagnetic surveys were of considerable 
assistance in locating and developing this deposit. 
In the following year, 1954, the Heath Steele base- 
metal deposits were discovered by employing an air- 
borne electromagnetic device and ground electromag- 
netic surveys to follow-up the airborne indications. 

These discoveries demonstrated clearly that both 
airborne and ground electromagnetic techniques were 
applicable for locating the near-surface deposits of 
massive sulphides present in this region. 

Airborne electromagnetic equipment became 
available on a contract basis through Aeromagnetic 
Surveys Limited early in 1955 and was used exten- 
sively thereafter throughout a large portion of north- 
ern New Brunswick. It was as a result of one of 
these surveys with Aeromagnetic Surveys Limited 
equipment in the summer of 1955 that the Clearwater 
Deposit was detected. The airborne anomaly was 
located on the ground by means of an electromagnetic 
survey using a Swedish Slingram unit. During 1956, 
the region was investigated more thoroughly in the 
hope that other sulphide bodies might be located. 
Airborne electromagnetic coverage was extended and 
the Clearwater Deposit itself was used as a testing 
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ground for the various methods and types of equip- 
ment currently in use in New Brunswick. 

In this paper com parative data are presented for 
the airborne magnetic, airborne electromagnetic, 
ground magnetic and ground electromagnetic surveys 
over this deposit. The ground electromagnetic instru- 
ments used were the McPhar vertical-loop unit and 
the Slingram and Boliden horizontal-loop units. Self- 
potential surveys were carried out with a McPhar unit. 

From the geophysical point of view, all ground 
electrical methods employed indicated the presence 
and the extent of the massive-sulphide mineralization 
with a good degree of accuracy. The horizontal-loop 
methods however, defined the contacts more precisely 
as is to be expected when dealing with a flatly-dipping 


Location map for the Clearwater Deposit, 
Province of New Brunswick, Canada. 


FIG. 1 
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tabular body. The ground magnetic method also out- 
lined the massive-sulphide zone quite accurately and 
gave additional information as to the plunge of the 
structure and the trend of the disseminated minerali- 
zation. 

The Clearwater Deposit is located at approxi- 
mately 47° 06' north latitude and 66° 13' west longi- 
tude. This is some thirty miles west northwest of 
Newcastle, the county seat of Northumberland County, 
in the province of New Brunswick. Newcastle is 
located on the main line of the Canadian National 
Railways connecting Moncton, New Brunswick, with 
Montreal, Quebec. The property may be reached by 
highway and logging roads from Newcastle. (Figure 1.) 

The region is well covered by a thin mantle of 
overburden and frequently the only outcrops of rock 
that may be readily located are those exposed in the 
deeply-incised valleys of the larger rivers of the 
district. Topographically, the immediate region is one 
of rolling hills and low relief except near the major 
rivers where the valleys may be up to three hundred 
feet deep enclosed by rock cliffs or steep slopes of 
overburden. The growth is predominantly spruce, pop- 
lar and birch with a considerable amount of under- 
growth of maple and alder. 


REGIONAL GEOLOGY 


All the important base-metal occurrences discov- 
ered in New Brunswick have been found to occur with- 
in a broad belt of sediments and volcanics which are 
considered to be of Ordovician Age. This belt occu- 
pies central and northwestern New Brunswick and 
flanks an intrusive batholith of Lower Devonian gran- 
ite. These sediments and volcanics have been meta- 
morphosed by both the Acadian Orogeny and the in- 
trusive granite to a low grade of metamorphism which 
is marked by the development of chlorite, biotite, seri- 
cite, feldspar and graphite. 

In the vicinity of the Clearwater Deposit, the 
sediments, which consisted originally of all grada- 
tions from sandstones to shales and siltstones, have 
been metamorphosed to quartzite, impure quartzite, 
quartz-sericite schist, quartz-chlorite-sericite schist, 
chlorite schist, carbonaceous to graphite schist and 
tale-chlorite schist. Some rhyolite of volcanic origin 
is also present. The total thickness of these sedi- 
ments and volcanics in this region, as estimated from 
the geologic mapping on the property, is in excess of 
five thousand feet. 


STRUCTURAL FEATURES 


From the geologic mapping, it has been interpret- 
ed that the mineralization occurs on the north limb of 
a major east-west trending anticline. Regionally, the 
rocks have a shallow south-westerly dip, but this 
trend has been modified by later minor folding and 
drag folding with the result that a series of basins 
and domes have been developed. 

The mineralization is believed to be controlled 


132 


by a flexure on a gently-plunging synclinal cross fold, 
which plunges to the north-west at about fifteen de- 
grees. The massive mineralization occurs in the flatt- 


est part of the fold. 


MINERALIZATION 


The mineralization is confined to a quartz- 
chlorite-sericite schist horizon about four hundred 
feet thitk which is bounded by quartzite on both sides. 
Normally, this schist is composed of about sixty per 
cent quartz and thirty per cent chlorite. Where it is 
replaced by massive-sulphide mineralization, its over- 
all composition becomes about seventy-five per cent 
sulphides and twenty-five per cent quartz. The sul- 
phide portion of the mineralized zone is estimated to 
be comprised of about seventy-five per cent pyrite, 
ten per cent sphalerite, five per cent pyrrhotite, five 
per cent galena and five per cent chalcopyrite. There 
are, however, marked variations from these averages 
throughout the mineralized zone. 

The pyrrhotite and chalcopyrite tend to occur to- 
gether and appear to partially enclose the massive- 
sulphide mineralization and to extend away from it 
down plunge to the west. 


PARTI — ELECTROMAGNETIC SURVEYS 


(1) AEROELECTROMAGNETIC SURVEYS 


As previously mentioned, this discovery was 
made while conducting an airborne survey using 
Aeromagnetic Surveys Limited equipment. This 
equipment measures the phase angle between the 
applied primary field and the horizontal component 
of the resultant field at two frequencies simultan- 
eously. With this equipment the transmitting coil 
is oriented in the horizontal plane and the receiv- 
ing coil in a vertical plane at a right angle to the 
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Aeroelectromagnetic anomalies in the vicinity 
of the Clearwater Deposit. 
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The contoured low-frequency data for a limited 
area about the Clearwater Deposit are shown in 
Figure 2. 
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over the Clearwater Deposit. 


In Figure 4 the response obtained at 400 c.p.s. 
and 2300 c.p.s. from flights at three different 
levels across the sulphide body are shown in pro- 
file form. The exact position of flight line number 
30 is unknown, but it is believed that flight line 
numbers 46 and 49 traverse the deposit near its 
centre. 

Flight line number 30 is the original discovery 
flight flown in a northerly direction at a height of 
about 475 feet above ground when the anomaly was 
recorded. The low-frequency response is about 1.1 
degrees and the low-frequency to high-frequency 
ratio is about 0.7. This anomaly was recorded out- 
side the area being flown and was picked up just 
as the aircraft was coming on line and approach- 
ing survey elevation. No precise tie points could 
be located on the photographs, and it is for this 
reason that the position of the discovery anomaly 
shown in Figure 2 is some 1000 feet in error. F'or 
this reason we are not sure of its relative position 
over the sulphide deposit. 

Flight line number 46 was flown in a southerly 
direction and crossed the massive-sulphide body 
at about 420 feet above ground. On this flight the 
low-frequency response is 1.4 degrees and the low- 
frequency to high-frequency ratio about 1.2. 


OOP 


Flight line number 49 flown in a northerly direc- 
tion crossed the massive-sulphide body at 350 feet 
above ground level and gave a low-frequency re- 
sponse of 2.3 degrees and a low-frequency to a 
high-frequency ratio of about 1.4. 

In Figure 4 the position of the massive-sulphide 
body is shown fairly accurately with respect to the 
anomalies on flight line numbers 46 and 49, but the 
position is only inferred for flight line number 30 
for the reasons previously mentioned. 

A consideration of these profiles indicates that 
the high-frequency response was not greatly affect- 
ed by variations in flight level. However, the low- 
frequency response at 350 feet above ground was 
much greater than at higher flight levels. The re- 
sult is that the low-frequency to high-frequency 
ratio increased as the flight level decreased. We 
are, of course, unable to take into account the 
effect of the difference in positioning of the flight 
lines. 

The above observation would seem to indicate 
that anomalies of low ratio may be important where 
the flight level is unavoidably high. It is to be ex- 
pected that the low-frequency response would drop 
essentially to noise level when the flight level in- 
creased to between 550 and 600 feet above ground. 

It is of interest to note that on line 49 the peak 
response after correction for lag occurs some dis- 
tance before the massive sulphides are reached. A 
similar feature occurs on flight line number 46 
flown from the opposite direction. 

Because both earlier and later experience with 
this equipment has provided much better coincidence 
between airborne and ground electromagnetic ano- 
malies, it seems possible that the character of the 
deposit may be partly the cause of this effect. 
Positioning difficulties in this case cannot account 
for the entire discrepancy. 


Mineralization 


Disseminated Sulphide 
Mineralization 


FIG. 7. Slingram horizontal loop electromagnetic profiles, 


the Clearwater Deposit. Line 16 + 00 east. 
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A possible explanation may be provided by re- 


ference to the Slingram ground electromagnetic 


data in Figure 7. Here, it is evident that the mass- 


ive-sulphide body gives a very low out-of-phase 


response and that it is only the disseminated min- 


eralization on the south that gives a significant 


out-of-phase indication. Since the airborne equip- 


ment records essentially an out-of-phase compo- 


nent, it seems very likely that the airborne unit is 
detecting principally the envelope of disseminated 


mineralization. 

This fact points out an inherent weakness in 
only measuring phase angles. It seams possible 
that in this case if the massive-sulphide body 


were present without the envelope of disseminated 


mineralization, it would possibly not have been 


detected, or at least not have given a strong indi- 
cation, because of its low out-of-phase response. 


A relatively homogeneous near-perfect conductor 
can be expected to give only a poor response on 
both frequencies with this equipment, although 
any anomaly detectable from this type of deposit 
should give a good frequency ratio. 

Returning for a moment to Figure 2, it is also 
of interest to note that other anomalies of equal 
response and ratio, which proved to be due to * 


pyrrhotite-graphite zones, occur to the north-west 


of the Clearwater anomaly. The only differences 
from the Clearwater anomaly are the more linear 
nature of the anomalies and the lack of magnetic 
response as shown in Figure 3. 
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FIG. 3 Aeromagnetic anomalies in the vicinity 
of the Clearwater Deposit. 


(2) GROUND ELECTROMAGNETIC SURVEYS 
(a) Horizontal Loop Surveys 


The Clearwater Deposit was originally lo- 
cated on the ground using a Slingram single- 
frequency horizontal-loop unit with a coil 


134 


FIG. 6 


Slingram horizontal loop electromagnetic profiles, 
the Clearwater Deposit. Line 17 + 20 east. 
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Boliden horizontal loop electromagnetic profiles, 
the Clearwater Deposit. 
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spacing of 100 feet. This line was rerun in 
1956 with dual-frequency equipment (440 c.p.s. 
and 1760 c.p.s.) and these data are shown in 
Figure 6 for line 17 + 20 east, the original 
discovery line. Data for this line with a coil 
spacing of 200 feet are also shown in Figure 
6. Both in-phase and out-of-phase components 
are measured with this equipment. 

For comparative purposes Slingram data are 
presented for line 16 + 00 east at both 100-and 
200-foot coil spacing in Figure 7, and Boliden 
data for both lines 16 + 00 east and 17 + 20 
east ata 200-foot coil spacing in Figure 8. 
Both these lines pass over the massive sul- 
phides. 

The Boliden is a single-frequency horizon- 
tal-loop unit operating on a frequency of 3600 
c.p.s. and measuring the same parameters. 
Both Boliden and Slingram units were used in 
1956 for the investigation of the remaining por- 
tions of the Clearwater and adjacent groups. 
As the Boliden responses are nearly identical 
with the Slingram high-frequency responses 
except for minor details, a detailed discussion 
of the Slingram data will be equally applicable 
to the Boliden data. 

The Slingram data obtained for line 17 + 20 
east (Figure 6) have all the characteristics to 
be expected from theory for the response from 
a good to excellent conductor inasmuch as the 
out-of-phase response is generally low over 
the massive sulphides with one exception. The 
out-of-phase response increases to the south 
where only disseminated mineralization is pre- 
sent and the conductivity lower. This low out- 
of-phase response coupled with the strong in- 
phase response results in high in-phase to out- 
of-phase ratios on both frequencies. Moreover, 
the ratios of the in-phase responses at the two 
frequencies are very nearly equal to 1.0 while 
the low-frequency to high-frequency out-of-phase 
ratios are generally greater than one. 

From the point of view of establishing the 
contacts of the body the survey using the 100- 
foot coil spacing would indicate a good near- 
surface conductor extending from 3 + 00 to 5 + 
00 feet north of the base line if we use the in- 
phase data and from 3 + 00 to 5 + 50 feet north 
if we use the out-of-phase data. The survey 
using the 200-foot coil spacing indicates a good 
near-surface conductor extending from 3 + 00 
to 7 + 00 feet north of the base line. 

Since drilling has indicated that near-sur- 
face massive sulphides are present from 3 + 00 
to 6 +00 feet north of the base-line, it is ap- 
parent that the 100-foot coil spacing gives an 
interval somewhat less that the true situation 
while the 200-foot coil spacing gives a some- 
what greater width. Both spreads give a good 
location for the south edge of the massive 


sulphides and indicate disseminated sulphides 
to continue to the south of this point. This is 
due to the abrupt change in conductivity and 
the near-surface position of the massive 
sulphides. 

At the 200-foot coil spacing it is probable 
that the greater width is a reflection of the 
massive sulphides being detected down plunge 
to the north. It is also possible that the moder- 
ate positive in-phase responses obtained at 
5 + 50 feet north in conjunction with a low out- 
of-phase response on the 100-foot spread are 
not entirely the normal edge effect but some- 
thing similar to the response obtained with the 
same spread on line 16 + 00 east. (Figure 7). 

The data for line 16 + 00 east (Figure 7) in- 
dicate that a good to excellent conductor is 
present except to the south where only dissem- 
inated mineralization is present. Here the con- 
ductor is classified as poor because the in- 
phase to out-of-phase ratios are low and the 
low-frequency to high-frequency response ratios 
are of the order of 0.5. 

The good conductive zone is characterized 
by practically no out-of-phase response and 
moderate in-phase response, resulting in very 
high in-phase to out-of-phase ratios. The low- 
frequency to high-frequency response ratios 
are about 1.0. 

The data obtained from both spread distances 
of 100 feet and 200 feet indicate a good con- 
ductor to be present from 3 + 00 to 7 + 00 feet 
north of the base-line. Drilling has indicated a 
lense-shaped body extending from 2 + 50 to 8 + 
50 feet north of the base-line. This body is 40 
feet below surface at its shallowest portion and 
dips to about 110 feet below surface at the north 
edge. 

There are two differences between the data 
for line 16 + 00 east and that for line 17 + 20 
east. The in-phase response on line 16 + 00 
east is less than one half the response on line 
17 + 20 east for the 200-foot coil spacing and 
for the 100-foot coil spacing the in-phase re- 
sponse on line 16 + 00 east is positive rather 
than netagive as on line 17 + 20 east. 

It seems apparent from these data and those 
obtained from other work that there is a critical 
depth at least for a tabular body at which the 
in-phase response becomes positive rather than 
negative. This critical depth is fairly obviously 
a function of the spread distance between the 
coils. It is not known whether or not a narrow 
vertical conductor would have such a critical 
depth, but it is believed that this characteristic 
is most likely confined to a conductor whose 
horizontal extent is greater than the spread dis- 
tance in use. Therefore, it is very important 
that positive responses of this type are not ig- 
nored as they may be indicative of a conductor 
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(b) 


at depth. 


Vertical-Loop Survey 


At about the time drilling was initiated on 
this deposit a survey of the discovery region 
and the adjacent areas was. performed using the 
McPhar 1000-5000 c.p.s. vertical-loop equip- 
ment. The data obtained for line 16 + 00 east 
from two transmitter positions are shown in 
Figure 5 in relation to the sulphide minerali- 
zation. 
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5 Mc Phar vertical loop electromagnetic profiles, 
the Clearwater Deposit. Line 16 + 00 east. 


One set of curves was obtained with the 
transmitter 800 feet west of line 16 +00 at 
8 +00 east and 8 +00 north, while the second 
set was read from a transmitter set-up 400 feet 
to the east of line 16 + 00 east at 20 + 00 east 
and 2 + 00 north. Both these transmitter set- 
ups were off the massive-sulphide zone, but 
presumably both were over or close to the dis- 
seminated mineralization associated with it. 
As can be seen from Figure 10, it is for all 
practical purposes impossible to arrange a set- 
up where both the transmitter and the receiver 
would be over massive sulphides even when 
conditions are known. 

It can be seen from the profiles in Figure 5 
that with the transmitter on line 20 + 00 east 
a cross-over is obtained at about % + 00 feet 
north, some 400 feet north of the peak Slingram 
response. With the transmitter on line 8 + 00 
east the cross-over is at about 5 + 50 feet north 
on both frequencies, about 150 feet north of the 
peak Slingram response. 
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FIG. 10 Plan of self-potential anomaly over the 


Clearwater Deposit. 


The response on the 400-foot line is quite 
flat while that of the 800-foot line can be con- 
sidered moderate to good. The cross-over in 
either case is not sharp. In most cases the ra- 
tio of the 1000 c.p.s. to 5000 c.p.s. response 
is fairly good and indicative of a good con- 
ductor. 

From the interpretative point of view, these 
data would be considered to indicate a moder- 
ate to good conductor of limited extent. The 
variation in the position of the cross-overs 
could be taken to indicate a considerable width 
or multiple conductors. 

While there is no question that the massive 
sulphides would have been located by drilling 
the cross-overs indicated by this survey, it is 
apparent that a tabular body of this type, while 
detectable, is not readily delineated by this 
type of equipment. To obtain more precise de- 
lineation a series of transmitter set-ups along 
a line would be needed. Alternatively, vertical- 
loop anomalies could be checked with equip- 
ment of a different type. 


PART II — MAGNETIC SURVEYS 


(1) AEROMAGNETIC SURVEYS 


In Figure 3 the total-intensity aeromagnetic data 
for a considerable area about the Clearwater De- 
posit are shown and in Figure 4 a profile of the 
magnetic anomaly obtained along flight line num- 
ber 49 flown at a height of 350 feet above ground 
level is shown. 

It is readily apparent that the airborne magnetic 
anomaly coincides very well with the nearest sur- 
face portions of the massive-sulphide body. How- 
ever, the magnitude of the anomaly is quite low, 
being only about 80 gammas above the regional 
level. Such an anomaly is quite significant in the 
flat regional gradient prevalent in this particular 
region, but it could be very easily masked by the 
strong gradients known to exist in adjacent regions. 
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Such an anomaly at 350 feet isof the correct order 
of magnitude when the attitude of the body and the 
strength of the ground anomalies are taken into 
consideration. 

An upward projection of the surface vertical- 
intensity anomalies was made to a height of 400 
feet above surface using the method of Peters (1) 


on a 200-foot grid. The results indicated that the 
vertical-intensity anomaly at this height due to 

the Clearwater Deposit was only slightly in excess 
of 50 gammas. This checks reasonably well with 
the total-intensity anomaly of 80 gammas recorded 
at a level of 350 feet above the ground. 


GROUND MAGNETIC SURVEYS 


The results of the ground magnetic survey car- 
ried out by reading 100-foot stations on lines 400 
feet apart are shown in Figure 9 in relation to the 
massive sulphides and the halo of disseminated- 
sulphide mineralization. 

It can be seen that the peak magnetic values 
coincide very closely with the near-surface occur- 
rence of the massive sulphides and are bounded on 
the north and south by shallow lows. The gradient 
indicates a flat dip to the north and north-west 
while a series of low-intensity elongated highs in- 
dicate the structural trend of the disseminated 


mineralization to the north-west. 
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FIGS 9 


Plan of magnetic anomaly over the 
Clearwater Deposit. 


Some rough calculations indicate that a suscep- 
tibility contrast of 0.008 c.g.s. units is sufficient 
to satisfy both ground and airborne data. However, 
since the pyrrhotite which is the only magnetic 
mineral present does not occur uniformly throughout 
the massive sulphides, an estimate of the suscep- 
tibility of this mineral cannot be made from the 
field data. There is some indication both from 
drilling and the magnetic data that the pyrrhotite 
is concentrated toward the southern portion of the 
body. 

The small sharp localized anomaly is fairly 
characteristic of those associated with many of 


the massive-sulphide occurrences in New Brunswick. 


PART III — SELF-POTENTIAL SURVEY 


The self-potential data obtained over the Clear- 
water Deposit are shown in Figure 10. 

The self-potential expression of this deposit does 
not coincide with the outline of the massive sulphides 
but is an elongated low with a relief of some 300-400 
millivolts occurring toward the northern edge, where 
the massive sulphides are some 50 feet below surface 
but close to the contact of the hanging-wall and the 
envelope of disseminated mineralization. The trend of 
the self-potential anomaly is, however, parallel to the 
structural trend of the deposit. 

While this self-potential anomaly is very definite 
and has a reasonably good correlation with the sul- 
phide occurrence, it is of no greater significance 
than many other similar anomalies which occur in the 
region for which no explanation could be found either 
by means of electromagnetic work or, in a few cases, 
by drilling. 

It seems evident that most near-surface sulphide 
bodies in New Brunswick produce fairly significant 
self-potential anomalies, but many equally significant 
self-potential anomalies that have no relation to sul- 
phide mineralization are also known to occur. 


SUMMARY 


From the data which has been presented in this 
paper the following generalizations can be made con- 
cerning the geophysical work. The effective penetra- 
tion of the airborne electromagnetic equipment for 
deposits of this type is between 100 and 200 feet when 
flying at an elevation of 400 feet above ground. Low- 
frequency to high-frequency response ratios of a low- 
er order have more significance when the flight level 
is 500 feet or greater above the deposit than those 
which occur at lower flight levels, as long as the low- 
frequency response is significant. At some point be- 
low 500 feet the low-frequency to high-frequency 
response ratio rises to a near maximum for this near- 
surface deposit and thereafter remains relatively 
constant. 

Under reasonable conditions such near-surface 
massive-sulphide deposits are readily detectable and 
distinguishable with this phase-angle measuring 
equipment, although it is conceivable that should a 
massive-sulphide body occur without an envelope of 
disseminated mineralization and have little or no out- 
of-phase response, it would either not be detected or 
would produce a poor anomaly. 

The airborne magnetic response of this deposit is 
significant and would be sufficient in this case to 
locate the massive sulphides. However, a magnetic 
anomaly of this size could very easily be masked by 
the strong gradients occurring elsewhere in the region. 

With reference to the ground geophysical data it is 
apparent that all methods would have led to the dis- 
covery of the massive-sulphide zone, and all methods 
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indicated the structural trend. 

The self-potential anomaly, while very definite in 
this case, varies only in detail from anomalies obtain- 
ed elsewhere on the property which were caused in a 
few cases by pyrrhotite-graphite zones. In other cases 
no apparent cause could be found. The self- potential 
method is not considered to be of great value as a 
ground prospecting technique in this area. 

The ground magnetic response is quite prominent 
and characteristic of a flat lying body. It is evident 
that when pyrrhotite occurs with the massive sul- 
phides, magnetic surveys can provide confirmatory 
data when used in conjunction with electromagnetic 
surveys. However, as pyrrhotite may not always be 
present in significant quantities, the absence of a 
magnetic anomaly cannot be regarded as a completely 
discouraging feature. 

All three types of electromagnetic equipment were 
successful in indicating a good conductor, its loca- 
tion and trend. The vertical loop, however, did not 
give a strong significant response, and there was very 
little indication of the width of the deposit. Consider- 
able detailed work would be necessary to provide 
these data. The Boliden horizontal-loop unit indicated 
the presence of a good conductor and defined the near- 
surface limits with a fairly good degree of accuracy. 
The Slingram horizontal-loop unit produced data very 
similar to the Boliden on high-frequency with a simi- 
lar coil separation of 200 feet. The additional data 
provided by the low-frequency confirm the presence 
of an excellent conductor. The limits of the massive 
sulphides and the disseminated sulphides were de- 
fined with a good degree of precision. 
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From data recorded on both 100-foot and 200-foot 
coil spacings it is concluded that the effective pene- 
tration of this type of equipment is not greatly in ex- 
cess of one half the coil spacing. An anomaly may be 
recorded from a greater depth, but in all probability 
it will not be perceptible. Furthermore, near the limit 
of perceptibility a positive in-phase response is ob- 
tained rather than the normal negative response, at 
least in the cases where the width of the conductor 
is greater than the coil separation being employed. 
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CONFIRMATION OF THE THIRD THEORY 


Since the Third Theory of Comminution was pre- 
sented eight years ago ‘) it has found increasing use 
in crushing and grinding problems. The practical util- 
ity of its work index equation is quite generally ac- 
knowledged (2) However, its theoretical basis has 
been questioned in at least three technical articles 
(3) (4) (5) The purpose of this paper is to present ex- 
perimental proof that it is scientifically correct. 

Particles under compressive stress are strained 
and deformed. They absorb strain energy, and when 
this locally exceeds the breaking strength, a crack 
tip forms. The surrounding strain energy flows to the 
crack tip, which rapidly extends and splits the rock, 
releasing the strain energy as heat. The initial energy 
flow causes additional crack tips in highly strained 
areas. If the compression is rapidly applied by im- 
pact, crack tips may form before the strain energy 
has reached equilibrium in the particle, thus decreas- 
ing the total work input required for breakage. The 
energy necessary to break is essentially the energy 
necessary to produce crack tips, since the energy 
necessary to extend the cracks to breakage is already 
present as strain energy in the deformed particles. 
After breakage nearly all of this energy appears as 
heat. 

The crack length cannot be measured directly. 
However, in particles of regular and similar shape 
the crack tip length is considered as equal to the 
crack depth, or crack extension necessary to break, 
so that the crack length equals the square root of one- 
half of the surface area. 

The Third Theory states that the useful work done 
in crushing and grinding is directly proportional to the 
total length of the new cracks formed. It can be con- 
firmed by showing that a constant work input produces 
a constant length of new cracks when reducing the 
same material to different product sizes. This is done 
in the present paper on a wide variety of material. 
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By Fred C. Bond 


The constant work input was supplied by one 
revolution of the 12”? x 12’’ laboratory ball mill used 
in making pandatlaty tests by the Allis-Chalmers 
method 12) 13), The new crack lengths produced 
per mill revolution were measured from all available 
grindability test results at 28, 35, 48, 65, and 100 
mesh on fifteen different ores, and were found to re- 
main substantially constant for each ore at all mesh 
sizes, 

A new technique is used for the measurement of 
crack lengths. Size distribution plots of the mill feed 
and product are made by the Third Theory method ‘9 
and the crack lengths are obtained from these plots 
by the procedure described in the present paper. The 
energy input required to produce a unit length is of 
fundamental importance in the size reduction of brittle 
solids. 

The crack length Cr is expressed in centimeters 
per cubic centimeter of solid material. It bears a defi- 
nite relationship to the external surface area of the 
crushed or ground solid. 

A uniform particle shape must be assumed before 
the surface area and crack length can be evaluated. 
In this paper it is assumed that the relationship be- 
tween the surface area and the particle volume of a 
particle d microns in diameter is the same as that of 
cube d microns on a side. The external surface areas 
of particles with a cubical breakage probably agree 
approximately with this rule, and correction factors 
can be applied when physical measurements of the 
surface areas are available for comparison. However, 
the assumption of equivalent cubes has been found 
satisfactory for most calculation purposes. 

Assuming equivalent cubes, one cubic centimeter 
of particles d microns in diameter will have a crack 
length Cr of / 30,000/d centimeters, and a surface 
area of 60,000/d square centimeters. The specific 
crack length is thus equal to the square root of one- 
half the specific surface area. 

Where Sa is the surface area in square centimeters 
per gram and S¢ is the specific gravity of the ground 
solid, then 


Cr = /Sg. Se/2 = 173.2/ Va (1) 
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Determination of the crack length of a crushed 
or ground solid requires (1) a suitable method of 
plotting the size distribution, (2) acceptance of a 
limiting fine particle size, or “‘grind limit’’, and (3) 
mathematical analysis of the size distribution plot. 
These three requirements are developed below and 
in the appendix. 


THIRD THEORY SIZE DISTRIBUTION 


When rock is broken under compression the prod- 
uct particles formed extend through a large size range. 
Some of the product particles must be crushed to a 
small size and partially rotated out of their original 
position before the major cracks can be completed 
and the larger particles separated. This disintegrat- 
ing action, together with the preferential exposure of 
the larger particles to successive breaking operations, 
results in a size distribution of the product which is 
the object of intensive study. 

The natural size distribution of a homogeneous 
crushed or ground product undoubtedly follows a 
mathematical law, and knowledge of this law is nec- 
essary before the work input can be completely eval- 
uated in terms of particle size produced. The power 
law advanced by Gates,‘°) Gaudin,‘’) and Schuhmann 
(8) has been much used for this purpose. However, 
when it is plotted on log-log paper with particle size 
in microns as abscissa and percent passing as ordi- 
nate, it demonstrably does not follow a straight line, 
so that its slope & probably is not a correct indica- 
tion of the size distribution down to the grind limit. 

The Third Theory exponential size distribution‘? 
of a homogeneous material apparently does follow a 
straight line, and is used in this paper to evaluate 
the particle size and work input. Single cycle semi- 
logarithmic plotting paper such as letter size Dietz- 
gen No. 340-1110 is used to plot the size distribution. 
The vertical logarithmic scale extending from 10% to 
100% is used as the y scale to plot the percent cumu- 
lative retained on, and the horizontal linear scale, or 
x scale, represents the total work input Wt in kilowatt- 
hours per ton divided by the work index Wi. The 20% 
cumulative retained line represents 80% passing, and 
the value of x along this base line is designated as 
w, and equals Wt/Wi. The product size P in microns,, 
or the size which 80% of the material passes, is found 
from 


Paz 100/07 (2) 


The value of P can be found more accurately from 
this type of plot than from the log-log plot, which is 
constricted and curved in this size range. When w is 
unity a total of one work index kilowatt-hours per ton 
has been applied to the rock, and P is 100 microns, 
Several backing sheets can be prepared to be 
placed behind the letter size plotting paper. Radiat- 
ing straight lines are drawn on each sheet from the 
upper left hand corner of the plot. Each line repre- 


sents a mesh size in the \/2 standard screen scale, 
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and crosses the base line y = 20 at the value of w 
found from Equation (3). 


10/ /P, (3) 


Where P, is the screen opening in microns. The lines 
cross w/2 at y = 44.72%, w/4 at y = 66.87%, and w/8 
at y = 81.78%. 

A set of four different backing sheets is conven- 
ient, with different values of the work input range x 
as listed below in Table I. 


= 


TABLE I 
Backing Range of x 
Sheet No. (Work Input) Use For 
(1) 0 to 0.14 Crushing 
(2) 0 to 0.70 Coarse Grinding 
©) 0 to 1.40 Medium Grinding 
(4) 0 to 3.50 Fine Grinding 


The values with less than 10% Cum. retained on 
can be plotted if necessary, by placing an additional 
paper below the sheet covering 10% to 100% Cum., 
and extending the mesh size lines from the backing 
sheets. 

The exposure ratio Er is the effective slope of 
the plotted size distribution line, and equals the in- 
tercept W2 at 100% Cum. retained, divided by the value 


FIG. 1 


Course grinding plot in a straight line of a 
material which yielded curved lines when 
plotted by 12 other methods, 10 It is made 
on two-cycle semi-log paper to cover the 
range from | pct to 100 pct Cum. retained on. 
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of w at 20% retained. It varies from 1 to 10 as the 
amount of fines present decreases, If all particle 
sizes present were equally exposed to size reduction 
then the plotted distribution line would be vertical, 
x would equal w, and the exposure ratio Er would 
equal unity. If the product consisted of particles all 
of one size the plotted distribution line would lie 
above the mesh size line, and Er would equal zero. 
In Fig. 1 Er equals 0.330, and P equals 6510 microns. 
Where b is the y intercept of the distribution line, 
then the exponential size distribution equation is 


y = b/eex (4) 


2-1.301 Er 
1 


and log b = E 
-Er 


(5) 

When Er equals 0.500 each standard scale sieve 
size fraction has absorbed the same amount of work 
input under the Third Theory, and the most nearly 
equivalent slope & of the log-log plot would be 1/2. 
In this case the constant a in Equation (4) equals 
3.219/w, and b in Equation (5) equals 500. 

The value of Er tends to increase with finer 
grinding in open circuit. The average of 50 plotted 
values on different materials gives approximately 
Er = 0.24 when P is 10,000, Er = 0.33 when P is 
1000, and Er = 0.45 when P is 100; with consider- 
able variation. 

Curved size distribution lines result from natural 
or induced grain size segregations. The plotted curves 
tend to return to the straight tangent line, as shown 
in Appendix A. 

The previous paper on this subject") included a 
quantity called the exposure constant. This eas de- 
rived empirically to express an approximate relation- 
ship between the work input and the exposure ratio. 
Since its publication the method was developed for 
calculating the crack length of a comminution prod- 
uct, which is described in this paper. The crack 
length calculation gives much more accurate results, 
and should supersede use of the empirical exposure 


constant. 


GRIND LIMIT 


When a rock is crushed or ground it theoretically 
produces particles of every possible size between 
that of the feed and that of the unit lattice at about 
0.0005 micron. However, the practical size limit of 
particles produced by the ordinary grinding of rock 
now seems to lie in the vicinity of 1/10 micron or 
1000 Angstrom Units. It is believed that the regular 
lattice structure of crystals is interrupted by zones 
of misalignment at intervals in the order of 200 linear 
unit lattice groups. These constitute zones of weak- 
ness, and divide each rock crystal into mosaic blocks 
of a diameter approximately equal to the grind limit. 
Since the rock is more difficult to break within a 
single mosaic block than it is along the mosaic 
boundary zones, crushing and grinding to coarse and 
sntermediate sizes effectively ends at the grind limit 


size. A large increase in the fine grinding work in- 
put is required to reduce rock appreciably below this. 
size. In support of this reasoning it is observed that 
fine filaments of quartz or asbestos, which presum- 
ably do not contain many regular mosaic boundaries, 
have a much higher specific tensile strength than 
larger sections with a mosaic structure. 

The former grind limit of 0.700 micron was de- 
termined years ago under the Rittinger Theory with 
the power law size distribution.“!!) When it became 
possible to calculate crack lengths under the Third 
Theory it was immediately apparent that the grind 
limit should be smaller. Many calculations were made 
from grindability tests at different mesh sizes on the 
same ore to try out different grind limits. It was found 
that with a grind limit of 0.100 micron each revolution 
of the test mill would produce the same crack length 
on the same ore ground at different mesh sizes. The 
grind limit is not precisely defined by these calcu- 
lations and probably varies somewhat with different 
materials. However, it seems to lie within the limits 
of 0.200 to 0.050 micron and one-tenth micron is a 
satisfactory average value. The grind limit test cal- 
culations were too extensive to be included here. 

It is assumed in this paper that all crushing and 
ordinary grinding effectively terminate at the grind 
limit, and the work required is calculated down to 
this size. 


MATHEMATICAL RELATIONSHIPS 


The Third Theory statement that the work input 
is proportional to the crack length produced results 
in the work index equation (6), When W represents 
the kilowatt-hours required to reduce a short ton from 
80% passing F microns to 80% passing P microns, 
and Wi is the work index, then 


10 Wi 10 Wi 
JF 


When any three of the four quantities are known 
the fourth can be found by transposing the equation. 
The work input in joules, or watt-seconds, per gram 
is 3.97 W. 

The work index is a crushing and grinding para- 
meter, which can be determined from plant operation 
or laboratory testing. Numerically, it is the Kwh re- 
quired to reduce a short ton from theoretically infi- 
nite feed size to 80% passing 100 microns. It is used 
to design crushing and grinding installations and to 
compare mechanical efficiencies in existing plants. 

The work index of any homogeneous material 
under homogeneous reduction conditions should con- 


W = 


(6) 


tinue constant for all feed and product sizes. How- 
ever, natural or induced grain size segregations fre- 
quently cause the work index to increase or decrease 
as the product size becomes smaller. The same ef- 
fect is produced by a selective action of the reduc- 
tion machine toward certain particle sizes, which 
causes variations between the slopes Er of the 
plotted size distribution lines of feed and product. 
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This response of the work index to any selective 
change in crushing and grinding conditions makes it 
a valuable practical criterion of the actual work in- 
put required. 

According to the Third Theory the specific work 
input varies (a) as the crack length produced, (b) as 
the square root of the new surface area produced, and 
(c) as the size in microns 80% of the product passes 
to the exponent - 1/2, as in Eq. (6), when the work 
index remains constant. The 80% passing size P is 
selected as a convenient and practical reference 
point, The Third Theory size distribution plot shows 
that the size 100% passes is an indeterminate extra- 
polation. 

The three critics of the Third Theory previously 
referred to 3) (4) (5) contend that variations in the 
work index at different product sizes indicate that 
the work input varies as the product particle size to 
a negative variable exponent which may be greater, 
equal to, or less than -1/2 in individual cases. If it 
can be shown that the crack length produced by a 
constant work input remains constant at different 
product sizes, while the work index increases or de- 


creases, the validity of the Third Theory is confirmed. 


It is shown in Appendix B that the total crack 
length is represented by the following equation: 


where y, is less than 100% cumulative retained on 
the grind limit of 1/10 micron, and G is a finite inte- 


[y, (1- Er) + 69.92 ErG] (7) 


gral. The relationship between y, and G is shown in 
Table B-I. Charts can be prepared on log-log paper 
from Table B-II by means of which the total crack 
length Cr can be found graphically for any value of 
the 80% passing size P and the plotted size distribu- 
tion slope Er. With these charts the crack lengths of 
feed and product can be obtained immediately from 
the size distribution plots, and the crack length per 
unit of work input can be rapidly calculated. 


PROOF THAT CRACK LENGTH PRODUCED IS 
PROPORTIONAL TO WORK INPUT 


The method described for plotting screen ana- 
lyses and measuring total crack lengths down to the 
grind limit of one-tenth micron supply the essential 
tools for testing the Third Theory of Comminution. 
However, the variations between the breakage char- 
acteristics of different materials are so wide that 
tests on one or two ores are not sufficient to estab- 
list any theory. Conforming tests on a wide variety 
of ores are necessary before a theory can be con- 
sidered as proved. 

Fortunately, such a series of tests exist. Stand- 
ard closed circuit ball mill grindability tests have 
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been made in the Allis-Chalmers Research Laboratory 
at various mesh sizes on more than a thousand differ- 
ent materials, with publication of the resulting net 
grams per mill revolution and the work index values. 
(12) (13) Seventeen materials were found in this list 
which had been tested by grinding to all passing 
sizes of 28, 35, 48, 65, and 100 mesh, with a few ex- 
ceptions. The crack lengths of minus 150 mesh and 
200 mesh grindability products cannot be found accur- 
ately unless the size distribution analysis of the 
products extends to sizes below 200 mesh. 

Of the 17 sets of tests available one (Test 1477A 
on Anaconda Copper ore) was rejected because of ob- 
vious inaccuracies in some of the product screen ana- 
lyses; and another (Test 1036A on Quincy copper ore) 
was rejected because the mill feed was a blend of 
irregular fine sizes, The remaining 15 tests were all 
used to confirm the Third Theory with results listed 
in Tables II, III, and IV. 

The screen analysis of each minus 6 mesh feed 
sample and each mesh undersize product sample was 
plotted by the Third Theory method, and the exposure 
ratio straight line was drawn to determine the slope 
Er. In most cases this line was tangent to the plotted 
line at the 80% passing (20% Cum. on) size. 

If the plotted product line followed the straight 
tangent line the ore was designated as type I; if the 
plotted line curved to the right at the finer sizes, in- 
dicating a natural grain size deficiency, the ore was 
designated as type II; if the plotted line curved to 
the left at the finer sizes, indicating a natural grain 
excess, the ore was designated as type III. The 
amount of departure of curves of type II and III from 
a straight line was indicated by the letters S, M, or 
L for small, medium, or large. If the plotted curve 
indicated a return to the straight tangent line at 200 
mesh or above, the letter R was added. None of the 
plots extended beyond 200 mesh. 

The crack length Cr of each feed and product was 
found from the 80% passing size P and the slope Er 


by the charts prepared from Table B-II. Finally, the 
crack length in centimeters produced per revolution 


of the test mill was computed from Equation (8) in 
Col. 10 


Cm__ (Gross G/Rev.) (Crp-Crf) 
Rev. — Specific Gravity 


(8) 


where Crp is the crack length of each mesh undersize 
product and Crf is the crack length of the new mill 
feed. Gross Grams/Rev. equals net Grams/Rev. di- 
vided by the fraction of the feed retained on the mesh 
size tested. Since one mill revolution represents a 
constant work input, the constancy of the Cm/Rev. 
at different mesh product sizes is the confirmation of 


the Third Theory. 


Table II lists the specific gravity and type of 
each ore tested. 

Table HI lists the results of each test on each 
ore. The ores are arranged and numbered in the order 
of their work index variations. Ore No. | has the most 
rapidly increasing Wi from 28 mesh to 100 mesh, ores 
in the middle of the list have Wi values approximately 
constant at all mesh sizes, and ore No. 15 has the 
most rapidly decreasing Wi values. This arrangement 
permits the comparison of other properties with the 
work index variations. Under the system adopted by 
the critics of the Third Theory (3) (4) (5). the work 
done would vary as the product particle diameter to 
the exponent-> 1/2 for the No. 1 ore =-1/2 for the 
ores near the center of the Table, and -< 1/2 for the 
No. 15 ore. 

Table IV lists the averages from Table III foreach 


mesh size. The estimated values below 100 mesh were 


obtained by extrapolation. They are useful for compari- 


son with individual ball mill grindability results. 


Comparison of Col. (10) with Col. (3) in Table 
III shows that increases or decreases in the work 
index with finer grinding do not cause changes in 
the crack length produced per mill revolution. The 
centimeters of new crack length per revolution con- 
tinue as nearly constant as the accuracy of this type 
of testing allows. These results are a definite con- 
firmation of the Third Theory of Comminution, and 
indicate that the work index variations result from 
individual heterogeneities of material or treatment. 

Appendix C contains a more detailed discussion 
of the data in Table III, together with a method for 
calculating the effect of removing fines from the feed, 
and for making grindability tests with undersize feed 
and products. 

Appendix D describes a test showing that an 
increase in the circulating load decreases the work 
index but does not decrease the crack length pro- 
duced per mill revolution. 


TABLE I 
Sp. —6M Feed 
No Type. Ore Company 
1 1000F 2.63 II-L-R Copper | White Pine (Copper Range) 
Sandstone 
2 913A 2.00 III-L Copper | Morenci (Phelps Dodge) 
Porphyry 
3 1060A 2.65 II-L Copper Chino (Nevada Cons.) 
Porphyry 
4 1000B 2.68 II-L Copper | White Pine (Copper Range) 
Sandstone Mixture — Hard & Soft 
5 1167A 4.00 II-L Iron Reserve Mining 
Magnetic Taconite 
6 504B Dek I Gold Springs Mines, South Africa 
Quartz 
F| 570A 2.64 II-M Gold Little Long Lac, Ontario 
Quartz 
8 910A 3.23 I Copper | Anaconda, Montana 
Silicious 
9 550B 2.66 II-M Gold Benquet, P.I. 
Quartz 
10 730A DRGES J Gold San Luis, Mexico 
Quartz 
11 938A 2.86 II-S Copper | Utah Copper, Arthur Mill 
Porphyry 
12 1000G 2.97 II-L Copper | White Pine (Copper Range) 
Shale 
13 1000A 2.93 II-S Copper | White Pine (Copper Range) 
Amy gdaloid 
14 1592 2.90 II-M Gold Malartic, Quebec 
Quartz 
15 684A 2.68 II-L Copper | Ajo (New Cornelia) 
Porphyry 
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TABLE III 


(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
Cm 
Mesh Wi Pp Er Cr K 
Type G/ Rev % On ev. 
(1) Reed 1890 .587 18.7 813 
III-M 28 7.2 8.63 = 52.4 450 DG 20.5 435 11.3 10.1 
I 35 10.1 4.51 ¥ 60.5 331 191 22.0 400 9.3 9.8 
I 48 12.0 S05ne 69.9 252 230 26.3 418 12.6 14.4 
I 65 14.8 1.625= 78.3 149 il 31.6 386 10.2 13.6 
I 100 16.0 1.260= 84.0 109 22 37.0 386 10.4 14.4 
ie 12.02 215 405 10.76 12.40 
(2) Feed 2040 .500 16.7 755 
I 28 9.3 6.34 1 62.5 465 315 23.4 505 25.6 24.8 
I 35 10.1 4.50 4 69.6 343 291 25.4 471 14 23.0 
I 48 10.6 3.33 4 TAT 242 ni 28.7 447 20.2 23.5 
I 65 10.7 Pals | 79.0 16) .268 34.0 432 20.8 25.9 
I 100 1 ere 1.88 4 82.2 113 171 37.5 399 18.0 23.0 
Av. 10.48 264 451 21.16 24.08 
(3) Feed 1860 431 16.0 690 
ie 28 9.3 6.4351 53.2 449 .233 20.9 444 22.4 21.0 
35 10.7 59.4 322 250 24.5 440 24.0 
II-L 48 9.8 3.6554 64.2 237 275 29.0 446 27.9 31.7 
I 65 10.9 2.680= 68.6 173 258 32.0 421 23.6 28.1 
I 100 12.4 2.1604 72.4 1) 1277, 38.1 419 24.9 27.1 
Av. 10.62 .258 434 24.20 26.38 
(4) Feed 2180 540 17.0 795 
IlI-S 28 12.0 4.40 1 65.5 457 .282 22.5 481 13.8 15.0 
IlI-S 35 10.6 4.05 4 Tales 338 243 24.0 441 14.8 16.9 
IlI-S 48 10.9 3.15 4 77.0 242 212 26.0 405 13.8 16.6 
I 65 11.8 2.34 4 81.5 173 .220 30.1 446 14.1 17.8 
I 100 13.0 1.5842 85.2 110 .199 35.0 368 12.5 17.0 
Av. 11.66 pee 428 13.80 16.66 
(5) Feed 2180 .430 15.0 700 
II-M 28 10.2 5.0504 68.3 434 .250 21.9 456 12.8 20.6 
II-S 35 10.3 3.9551 73.5 315 293 26.5 470 15.4 26.9 
48 9.9 3.4231 233 264 28.7 437 15.1 
II-S 65 10.7 2.590= 81.6 168 .287 33.9 439 15.0 27.8 
II-S 100 11.0 2.1034 85.0 122 .309 40.0 441 15.4 29.7 
Av. 10.42 281 448 14.74 26.44 
(6) Feed 1990 294 12.7 566 
II-S 28 17.4 3.2204 To 494 .287 22.0 489 15.2 16.2 
II-S 35 171 2.4044 79.5 342 265 24.7 457 13.5 16.4 
II-S 48 16.8 1.9854 84.2 226 .248 28.3 476 13.5 16.5 
II-S 65 14.9 Levit 87.9 162 242 32.0 407 13.9 18.7 
II-S 100 15.8 1.3234 90.5 115 241 S7el 398 13.1 18.3 
Ay. 16.40 257 445 13.84 17.22 
(7) Feed 2140 .236 lia 514 
28 17.0 2.7269 67.8 439 476 17.6 21.0 
II-M 35 16.7 2.3504 73.9 337 275 25.3 465 172 UM 
li-M 48 16.6 1.8264 78.3 233 252 28.2 430 15.1 20.1 
II-M 65 16.2 1.490= 82.2 158 251 32.9 414 14.9 20.5 
I 100 15.4 1.150= 84.4 94 .320 44.6 432 T7e3 25.0 
Av. 16.38 .283 447 16.42 21.54 
(8) Feed 2030 .383 14.5 654 
28 11.4 4 AA = 62.3 420 .307 24.3 499 21.6 28.2 
I 35 12.5 69.1 326 27.0 487 18.5 26.1 
I 48 jl 2.75 4 74.2 234 .288 29.5 451 LZ? 25.6 
I 65 11.4 2.43 4 78.6 169 .260 32.3 420 L7ek 25.8 
I 100 12.0 185 82.3 116 247 87.1 400 15.7 
Av. 11.88 .283 451 18.02 26.10 
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TABLE SIL (Cont? d.) 


(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
No. Net Feed 
Type es Wi G/Rev % On P Er Cr G@VP_ Rey K 
(9) Feed 1890 .260 12 530 
II-L-R 28 16.6 62.7 437 .230 2170 440 16.5 
1I-L-R 35 16.8 2.38 68.5 327 226 429 15.0 18.0 
II-L-R 48 152 2.19. = 240 .200 25.3 392 14.8 18.3 
II-L-R 65 15.4 1.76 ¥ 77.4 173 236 31.0 408 16.0 2037 
Av. 16.00 £223 417 15.57 18.68 
(10) Feed 2160 246 rie 520 
IlI-S 28 16.9 2.905= 71.5 457 263 22.0 470 15.8 19.1 
IlI-S 35 15.2 2.4951 76.2 318 25.0 445 16.3 
III-M 48 15.0 81.1 240 423 15.1 20.5 
I 100 16.4 1.410= 88.3 135 DER) 30.0 348 10.9 15.1 
Av. 15.88 246 422 14.52 18.98 
(11) Feed 1910 1253 1220 524 
II-S 28 13.9 3.91.4 63.8 455 330 24.4 521 26.6 29.9 
II-S 35 11.5 3.91 4 70.4 336 308 26.3 483 27.8 32.4 
II-S 48 10.7 5.2504 75.1 232 273 29.0 442 25.6 $201 
II-S 65 10.6 2.65 4 79.2 164 .286 34.0 435 26.9 33.5 
I 100 10.7 2.15 4 82.9 115 .290 39.7 426 25.1 33.5 
Av. 11.48 297 461 26.40 32.28 
(12) Feed 2140 .360 13.7 634 
II-L 28 16.0 3.08 ¥ 67.9 451 331 24.5 520 16.5 O12 
BE 35 14.4 2.660°= 73.4 318 yee 29.7 529 19.5 26.7 
II-L 48 13.5 2.296= 77.6 225 335 32.0 480 18.2 26.2 
II-M 65 12.5 1.9304 80.8 149 354 39.0 476 20.3 30.6 
II-S 100 12.0 1.5604 83.0 94 .408 46.3 449 20.6 31.7 
Av. 13.68 361 491 19.02 27.28 
(13) Feed 2360 .208 10.0 486 
II-M 28 23.5 176% 74.5 434 346 25.1 522 1279 18.0 
II-M 35 21.7 79.9 308 342 28.8 505 12.3 19.0 
II-M 48 19.8 Pare 83.6 220 .320 31.9 473 123 19.6 
II-S 65 19.1 Hig’ 86.4 156 315 36.3 454 12.3 19.7 
Av. ba 331 488 12.28 19.07 
(14) Feed 2770 174 8.6 453 
II-L 28 15.0 2.86 80.6 438 372 26.2 549 21.4 30.5 
II-L 35 14.7 2.31 ¥ 84.3 310 .370 29.9 527 20.2 30.3 
TEL 48 13.4 D255 86.8 237 .308 30.4 468 19.5 29.0 
II 65 12.4 2.04 ¥ 89.0 167 .258 32.4 419 18.9 27.9 
II-S 100 12.3 1.67 = 90.9 113 335 39.4 419 19.5 28.2 
Av. 13.56 329 476 19.90 29.38 
(15) Reed 2270 248 11.1 529 
H-L 28 17.6 2.50 ¥ 69.0 429 294 23.6 489 17.0 21.3 
II-L 35 15.9 2.31 1 74.6 316 301 26.7 475 18.0 23.4 
II-L 48 14.8 78.7 237 417 16.0 
II-L 65 13.2 2,02) 82.2 173 192 28.6 376 16.1 
II-S 100 13.0 1.57 4 84.9 110 304 41.0 430 20.6 28.5 
Av. 14.90 266 437 17.54 232 
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TABLE IV — AVERAGES FROM TABLE II 


(2) (3) (4) (5) (6) (7) (8) (9) (10) (14) 
Net Feed Er 
Mesh Wi Grams % P (Calc.) Cr Cry. Fk Cm K 
Rev. On (Calc.) Rev. 
28 2 4.092 66.34 447 23.00 487 HAWS 20.97 
35, 13.89 72.30 325.8 469 17.41 225355 
48 13.41 2.581 77.09 28.51 438 22.83 
65 13.19 2.070 80.91 163.9 32.86 420 
100 20 1.666 84.31 112.8 .265 38.68 411 VeZS 24.38 
Av. 13-59 - 1735 22.84 
ESTIMATED 
150 13520 1.30 - US .280 45.7 406 L233 24.65 
200 13.20 1.05 - 54 Aa: 54.7 402 17233 25.30 
270 13220 39 64.0 400 25.90 
325 13.20 33 69.7 400 L739 26.20 


SUMMARY AND CONCLUSIONS 


Extensive evidence has been presented which 
confirms the Third Theory of Comminution. All avail- 
able grindability tests at minus 28, 35, 48, 65, and 
100 mesh on 15 different ores were analyzed. These 
tests show that one revolution of the laboratory test 
ball mill produced a constant new crack length on 
each ore, regardless of the mesh size of the product 
and the work index variations at each mesh size. 

The crack length in centimeters per cc of a 
crushed or ground material containing its natural fines 
equals by definition the square root of one-half of its 
surface area in sq. cm. per cc. The crack length is 
found by charts calculated from the Third Theory ex- 
ponential size distribution plot \?’. Curves in the size 
distribution lines represent natural or induced grain 
size segregations; the curves cause variations in the 
work index, but they presumably oscillate about the 
straight tangent line used in the crack length calcula- 
tion, and do not affect the crack length produced. 

The crack length is calculated down to the new 
grind limit of one-tenth micron. This grind limit had 
been previously determined by essentially the same 
method that was used to confirm the Third Theory, 
but from other test data. Thus the experimental evi- 
dence submitted confirms both the Third Theory and 
the grind limit. 

The case for the Third Theory would be fortified 
by a check determination of the grind limit using a 
different method. A direct check is not available at 
present, but there is considerable indirect evidence 
that a grind limit exists at about this size. This in- 
cludes analogy with recent work on the structure of 
metals, the frequent observation that there is a pro- 
nounced change in the properties of solids at the 
colloidal size range, the increased specific tensile 
strength of fine filaments of such minerals as quartz 
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and asbestos, and the necessity of using empirical 
Equation (C 3) to increase the plant work index values 
at fine product sizes. The equations submitted permit 
calculation of the crack lengths at grind limits other 
than 0.10 micron. Such calculations show that doubl- 
ing or halving this grind limit has comparatively little 
effect on the crack length values. The grind limit 

used is not critical to confirmation of the Third Theory, 
and probably represents an average value for different 
materials. 


If the grind limit concept is not allowed, the 
correspondence of the figures in Col. 10 of Table III 
must be otherwise explained, and no other explana- 
tion seems available. 


Tests at different circulating loads show that the 
work index decreases as the circulating load increas- 
es, while the crack length produced by a constant 
work input remains constant. 


Knowledge of characteristic values of the quantity 
Cr Vp can be used to estimate the probable size dis- 
tribution at any 80% passing size P. However, such 
estimates will not include any size segregation effects. 

The laboratory work index is calculated from the 
net grams made per mill revolution. However, this 
value is affected by the configuration of the feed size 
distribution both above and below the mesh size test- 
ed. Any curvature resulting from natural grain size 
excesses or deficiencies, and any variation from the 
normal relationship between the feed and product tan- 
gent line slopes, affect the net Grams/Rev. and the 
W1 value. This is also true in commercial plant mea- 
surements. If the work index is to serve as an accur- 
ate measure of the work input required for reduction it 
must necessarily vary in response to breakage hetero- 
geneities of the material. 

Variations in the work index result from particle 
size segrations and from variations in the efficiency 


of reduction to 80% passing different sizes. They do 
not cause variations in the total crack length pro- 
duced down to the grind limit, and do not affect the 
validity of the Third Theory of Comminution. 
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APPENDIX A — GRAPHS 


NATURAL GRAIN SIZES AND CURVED 
DISTRIBUTION LINES 


Computation of the Third Theory crack length 
requires a determination of the slope Er or the plott- 
ed size distribution line. If the plotted line is 
straight representing a type I material with homogen- 
eous breakage, it is merely extended upward to the 
top of the chart, and the slope Er is found precisely. 
However, the plotted line may curve to the right 
(type II) or to the left (type III) as it is traced up the 
chart. The meaning of these curves must be consider- 
ed, and the slope of a straight line representing an 
equivalent crack length must be found. 

This is made possible by the discovery that when 


such a curve is continued by analysis at increasingly 
finer sizes, the curve will reverse its direction, re- 
turn to the straight line, and cross it. When the straight 
line is properly chosen the plotted curve will presum- 
ably describe equivalent loops on both sides of it, 
and will follow it upward to the grind limit, possible 
with additional smaller oscillations around it. The 
straight line, called the tangent line, thus defines the 
equivalent slope of the curved size distribution line 
of a crushed or ground material containing all of its 
natural fines. The curves are caused by natural or 
induced grain sizes in the material, and affect the 
work index values as well as the plotted size distri- 
bution at those particle sizes. Analyses over a very 
large range are necessary to define these curves. 

The three main types of size distribution lines 
are illustrated in Fig. A-1. These hypothetical lines 
differ in their curvature, but all represent materials 
with the same crack length Cr of 32.6 cm/cc, and 
with w * 0.580,%5 = 0.258, Er =0.444, and P = 297 
microns, or 80% passing 48 mesh. 

In analyzing these plots the increasing constric- 
tion near the top of the chart should be remembered. A 
small loop near the top is equivalent to a larger one 
below, and a curve near the bottom of the chart may 
appear to be almost a straight line. 

Curve I in Fig. A-] represents a material with 
homogeneous breakage, and no natural or induced 
grain size. It plots in a straight line which constitutes 
the tangent lines of types II and III. Its work index 
should continue constant at all mesh sizes. 


Three main types of size distribution lines, 


FIG. 
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The curves in lines II and III result from local- 
ized grain size deficiencies and excesses. These 
may be induced grain sizes resulting from a particular 
reduction machine or process. However, they more 
often represent natural characteristics of the rock or 
other material being broken, in which case they are 
called natural grain sizes. Natural grain sizes can 
be distinguished from induced grain sizes by their 
persistence with different reduction processes. 

A typical natural grain sized material is a loose- 
ly cemented sandstone which breaks more readily be- 
tween the cemented particles than across the individ- 
ual grains. Its work index increases as the natural 
erain size is reached. Its plotted screen analysis 
above the natural grain size belongs to type II, and 
shows a marked grain size deficiency. Curve If in 
Fig. A-] shows a maximum grain size deficiency at 
150 mesh, which disappears where it crosses the tan- 
gent line at 200 mesh; the natural grain size excess 
centers at about 325 mesh, and it returns to the tan- 
gent line at about 18 microns. Any possible curvature 
at sizes coarser than 65 mesh is not shown because 
of the expansion of the chart near the bottom, and 
the tangent line is drawn through the plotted line 
where it crosses the base line at 20%. Cum. retained 
on 48 mesh. Its work index should increase from 100 
mesh to 200 mesh, since grinding of the hard individ- 
ual sandstone grains increases. 

Curve III represents a much coarser sandstone 
with a natural grain size excess centering at 100 
mesh and crossing the tangent line at 200 mesh, with 
a compensating size deficiency centering at about 
37 microns. When ground to 80% passing 48 mesh any 
natural grain size deficiency at this size is imper- 
ceptible, and the tangent line is drawn through it. 

Its work index should increase from 28 mesh to 65 
mesh and probably decrease slightly at 200 mesh. 

When a material has a natural grain size its work 
index tends to increase with finer grinding as the nat- 
ural grain size is reached, to remain constant at mesh 
sizes where the natural grain size persists, and to 
decrease somewhat at mesh sizes finer than the nat- 
ural grain size. 

When ascending up the chart the minimum work 
index is obtained where the size distribution line 
bears to the right of the tangent line direction at the 
greatest angle, and the maximum work index is obtain- 
ed where it bears to the left of the tangent line di- 
rection at the greatest angle. 

The tangent line which properly defines the slope 
Er is usually drawn tangent to the curved plotted line 
at the base line. Only in exceptional cases is there 
sufficient curvature at the base line to require chang- 
ing the slope of the tangent line; in these cases addi- 
tional size analyses of the material can aid in indi- 
cating the proper slope. 

Figure A-2 gives an actual example of a large 
type II curve. It represents minus 1/2 inch lignite coal 
after being transported in a wet slurry 71.5 miles 
through a pipeline. (14) Tt shows a pronounced grain 
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size deficiency presumably induced by selective de- 
gradation during transportation, which started as 
coarse as 20 mesh and centered at about 30 microns. 
Below this size the plotted line returns to the tan- 
gent line, and crosses it at 6 microns. The size analy- 
sis extends to 5 microns and shows the start of the 
induced grain size excess below 6 microns. The crack 
length Cris 17.6 cm/cc, with w = 0.220, x9 (0) Wall. 

Er = 0.550, and the 80% passing size P equal to 2065 


microns. 
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FIG. A-2 Actual example of a large type II curve. 


(9) 


The Third Theory size distribution equations 
show that wkere d is any micron size, then 


= 
0.0699 Vd (B1) 
log 5- logy 10 
(B2) 
log b-1.301 VP 


Where y represents the percent cumulative weight 
retained on any grind limit sizein microns G/ then 


V¥Gt 2-1.301 Ex) 
og y= 


Equation (B3) is used to find the percent cumula- 
tive retained on the grind limit GZ, or on any micron size 
d which may be substituted for G1. Seven place log 
tables should be used to evaluate y accurately. 
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Assuming equivalent cubes, one cubic centimeter 
of particles d microns in diameter will have a crack 
length Cr of _V30,000/d centimeters, and a surface 
area of 60,000/d square centimeters. It follows from 
Equation (Bi) that 


17322 
(Ba) 


By substitution in Equation (B2) and Equation 
(5) Cr is found as a function of y 


173.2 —1..301 Er—log y ] 


Cr = 
VP (2 —log y) 


The total crack length in a crushed or ground pro- 
duct extending down to the grind limit is the summa- 
tion of the Cr values from y= 0 to y = Y), or 


Cr = \ Cr dy (B6) 


Total 


Where Cr is defined by Equation (11) then 


P/173.2 


dy 
2—logy 


Cr (Lotal) = 


(B7) 


= y, 1.610 Er dy  (B8) 


4.605 - 


, then the last 


When 4.605 — log py = 


integral becomes 


1.605 —log.y lon ¥ 
¥1/100 
13.43 G (39) 
so that 
[yy (1-Er) +69.92 ErG] (B10) 


The numerical value of the integral Gis finite 
for any value of yy less than 100. It is considered as 
positive to avoid confusion of signs. Its value for y= 
99.00% retained on the grind limit was found by care- 
ful planimeter measurements to be 9.50. Values of G 
for other values of y, were found by other planimeter 
measurements, and adding or subtracting areas from 
9.50. These are listed in Table B-I 

For accurate calculations of crack lengths and 
surface areas the values of y, and G listed in Table 
B-I should be plotted to a large scale on linear paper. 


APPENDIX B — CALCULATIONS 
CALCULATION STEPS 


The crack length calculation of a comminution 
product which contains its natural fines is made in 
the following steps: 

(1) The size distribution as percent cumulative retain- 
ed on is plotted in the Third Theory exponential 
manner.) The product size P and slope Er are 
obtained from the plot. If the plotted size distri- 
bution line is curved, the slope line is ordinarily 
drawn tangent to it at 20% Cum. retained. 

(2) The grind limit GZ in fractions of a micron is taken 
as 0.100, with YGI equal to 0.3162. 


The value of y, is found by a seven place table of 
logarithms from Equation (B11). 


VP = 
(3) The value of G for yy is found from the chart con- 
structed from Table (B-I). 
(4) The total crack length Cr in centimeters per cc is 


found from Equation (B10). 
(5) The total surface area above the grind limit is found 


(B11) 


from Equation (B12) where Sg is the specific gravity. 
Sq. Cm. 2 (Cr)? 


Surface Area = 2 


(B12) 
Gram Sg 


(6) The crack energy Ce in joules per centimeter be- 
tween the feed and product sizes is found from 
Equation (B13) when Crp is the total crack length 
of the product and Cry is the total crack length of 
the feed. 

3.97 W Sé 


(B13) 


Cr, 


The surface energy required Se in ergs per square 
centimeter of new surface area produced is 


1985 10.) Wn Se 
e = 
(Cry? — (Crp? 


(7) When Cr¢ is not available the crack energy Ce above 
the product size can be found from Equation (B15). 


(B14) 


where Wt equals Wi times w 


3.97 Wt S 
(B15) 
Cry 
and 7 
1.985 x 10’ Wt Sé 
Se (B16) 


(Cr)? 


A useful approximate relationship between the ex- 
posure ratio Er and the slope _« of the Schuhmann log- 
log plot is given in kiq. (B17) below: 


Er = 0.1/« 7/3 (B17) 
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TABLE B-I 


val yl @ val G yl 
0 0 87 3.6773 94.5 5.5805 99.60 11.9597 
95 0.275 87.5 3.7618 95 5.7945 99.70 12.8272 
50 0.876 88 3.8499 95.5 6.0318 99.80 14.1672 
60 1.234 88.5 3.9420 96 6.2978 82 14.4338 
70 1.830 89 4.0385 96.5 6.6000 84 14.7386 
75 2.230 89.5 4.1397 97 6.9512 .86 15.0866 
80 2.7680 90 4.2465 97.5 7.3675 .88 15.4980 
81 2.8741 90.5 4.3590 98 7.8800 99.90 15.9962 
82 2.9867 9] 4.4778 98.5 8.5450 92 16.6302 
83 3.1065 91.5 4.6035 99.00 9.5000 94 17.4942 
84. 3.2343 92 4.7373 99.1 9.7675 96 18.8352 
85 3.3713 92.5 4.8800 99,2 10.0705 .98 21.5482 
85.5 3.4435 93 5.0330 99.3 10.4190 99.99 24.4502 
86 3.5184 93.5 5.2070 99.4 10.8297 99,995 27.3252 
86.5 3.5962 94. 5.3858 99.5 11.3267 100 « 


The micron size d at any percent cumulative weight 
y retained ond is found from Eq. (B18 below: 


14:31 (log b 1.301) (2—log y) 


w (log b — log m) Ee) 


CRACK LENGTH CHARTS 


Charts have been constructed so that the crack 
length can be found graphically, and the laborious 
calculations described can be avoided. The value of 
Cr was calculated for each decimal unit value of P 
from 80% passing one micron to 80% passing one mil- 
lion microns, and for each decimal unit value of the 
slope Er from 0.1 to 0.9 inclusive; a total of 63 cal- 
culations. These are shown in Table B-II. When these 
are plotted on single-cycle log-log paper with Cr on 
the vertical scale and P on the horizontal scale, 
straight lines can be drawn for each decimal slope 


value Er, and intermediate lines can be inserted using /9% L = 1 ga 
a logarithmic rule. Such a plot is shown in outline in = P be e ae 
Fig. B-I. 
FIG. B-1 Crack length plotted graphically. 
TABLE B-II 
CRACK LENGTH VALUES FOR PLOTTING Cr (cm/cc) * 
P Microns i! 10 100 1,000 10,000 100,000 1,000,000 
Er (Slope) Cr 
0.10 207.0 79.8 DES 10.65 3.76 NES 0.495 
0.20 212.0 93.0 36.6 14.00 1.93 
0.30 208.5 102.1 A2.5 16.89 6.60 2.47 0.936 
0.40 202.0 110.0 48.1 19.56 7.87 2.96 PSG 
0.50 191.9 115.2 Sy 21.95 9.00 3.44 1.337 
0.60 183.0 119.4 Sal) 24,25 10.04 3.91 1.523 
0.70 176.0 123.0 60.8 26°35 11.00 4.37 1.699 
0.80 165.8 125.8 64.3 28.40 11.94 4.81 1.860 
0.90 160.0 128.1 67.5 30.35 12.85 5.22 2.029 


NOTE: Eq. (B6) was integrated with the assistance of 
Mr. Joseph Wegerer, formerly of the Allis-Chalmers 
Processing Machinery Dept. 
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A set of six of these crack length charts con- 
structed from Table B-II can be used to find the value 
of the crack length Cr in centimeters per cc of solid 


over practically the entire range of crushing and grind- 


ing sizes directly from a Third Theory size distribu- 
tion plot. The crack length is a measure of the total 
work done in crushing and grinding. The surface area 
of equivalent cubes in cubic centimeters per gram 
down to the grind limit of 0.100 micron is found by 
doubling the square of the crack length and dividing 
by the specific gravity. 


APPENDIX C — COMMENTS 
DATA IN TABLES III and IV 


No test was made at 65 mesh or ore No. 10, and 
no tests were made at 100 mesh on ores No. 9 and 
No. 13. These are the only omissions in the Table. 
The data represent 72 erindability tests on 15 ores, 
or about 500 complete grindability periods. No data 
were omitted because of lack of conformity. 

In three cases, those of ores No. 2, 4 and 5, the 
slope value Er of the stage crushed minus 6 mesh 
ball mill grindability feed was greater than that of 
the tangent at the base line. In all these cases the 
plotted line abruptly changed direction to the right at 
20 mesh or coarser, instead of gradually curving to 
the right to indicate a typical type II natural grain 
size deficiency. In these three cases the slope line 
Er of the feed was drawn through the intersection of 
the plotted size distribution line with the base line 
parallel to the direction of the plotted line at sizes 
finer than 20 mesh. The grindability product lines 
were all drawn tangent in the usual manner. 

Ores No. 4 and No. 5 are known to consist of a 
mixture of substantial portions of harder and easier 
grinding materials, and the feed sample of ore No. 2 
had a similar size distribution plot. Mixtures of near- 
ly equal portions of relatively hard and soft materials, 
when crushed to such a size that these materials are 
effectively segregated in different size fractions, may 
require a somewhat different size analysis treatment 
than that described for natural grain sizes. 

Figure C-1 gives an example of the plotted 
curves. The type II size distribution lines and the 
straight tangent lines of the minus 6 mesh feed and 
the minus 28, 35, 48, and 65 mesh products of ore 
No. 1] are shown. The numerical values are listed 
in Table III. 

The most accurate determinations of the crack 
length produced per mill revolution are made at 35, 
48, and 65 mesh. The grindability tests at 28 mesh 
are somewhat less accurate than those at finer mesh 
sizes, since the length of each grinding period nec- 
essary to obtain the constant circulating load of 250% 
is short, and the first few revolutions which distri- 
bute the grinding charge may affect the net grams of 
mesh undersize produced per revolution. 

The products of the tests at minus 100 mesh have 
only the plotted points at 150 and 200 mesh to deter- 


mine the slope Er, which is consequently not quite 
as accurate as those with more plotted points. An 
inspection of Col. (10) in Table III shows that the 
crack length produced per mill revolution is some- 
what more erratic in the 28 mesh and 100 mesh tests. 
However, the averages in Table IV show consistent 
results at all mesh sizes. 

In Table IV Col. (6), the average values of the 
80% passing size P in microns are listed. For the -6 
mesh average mill feed P equals 63% of the opening 
of a 6 mesh sieve, while the average value of the 
product size P is 77% of the screen openings P, at 
250% circulating load. 

Table III shows that the crack length in centi- 
meters produced per mill revolution remains substan- 
tially constant for each ore tested at all product 
sizes from 28 mesh to 100 mesh, and Table IV shows 
that the average for all 15 ores remains substantially 
constant at all product sizes. This sustains the Third 
Theory statement that a constant amount of work in- 
put produces a constant new crack length, or that the 
new crack length produced is proportional to the work 
input. 


WOR K INDEX VARIATIONS 


In the Third Theory the work index is a practical 
parameter which defines the work input necessary to 


CUM. ON 


Type II size distribution lines and the straight 
tangent lines of the minus 6 mesh feed and the 
minus 28, 35, 48, and 65 mesh products of ore 11. 
Numerical values are listed in Table III. 


FIG. C-1 
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reduce a short ton to 80% passing 100 microns, based 
upon the work input required over the size range test- 
ed. Natural grain sizes, varying reduction efficiencies, 
or any other conditions which affect the ease of re- 
duction to 80% passing the given size, affect the work 
index, which is much more variable than the crack 
length production. 

The operating work index is found by inserting 
plant data in Equation (6). The work index is deter- 
mined by laboratory ball mill grindability tests from 
the net grams of mesh undersize produced per revolu- 
tion. The following revised formula is used: 


0.82 
x Gbp Xx 


(Cl) 
10 10 
(3% 


where Pj is the opening in microns of the mesh size 


0.23 


Wi = 44.5 / (P) 


tested, and Gbp is the net grams of mesh undersize 
produced per mill revolution. This equation gives the 
work index at average grinding efficiency of wet closed 
circuit ball mills 8 feet inside diameter. The efficiency 
varies as the inside mill diameter to the exponent 0.20. 

Column (3) in Table II lists the work index of 
each egrindability test as calculated from Equation 
(C1). Since the 15 ores tested are listed in the order 
of increasing, stationary, and decreasing work index 
values, any consistent trend in theother values listed 
should show some relationship to the work index. One 
observed trend is the decrease in the prepared —6 
mesh feed slope Er and crack length Cr as the test 
numbers increase. 

Following the net grams per revolution at equili- 
brium listed in Col. (4) are upward arrows, equal signs, 
and downward arrows. These indicate the direction 
which the net Grams/Rev. took during successive 
grinding periods in approaching equilibrium. An up- 
ward arrow shows that the net G/Rev. increased to 
equilibrium, an equal sign shows that it remained 
substantially constant, and a downward arrow shows 
that it decreased to reach equilibrium. The general 
trend is to decrease in the coarser sizes, pass through 
a no-change size, and increase in the finer sizes, al- 
though there are many exceptions. The 72 tests show- 
ed 23 decreasing, 21 equal, and 28 increasing values. 
At 28 mesh only one ore increased to equilibrium, and 
at 100 mesh none decreased. 

The gross grams produced per revolution is ob- 
tained by dividing Col. (4) by Col. (5)/100. 

The averages given do not include the feed 
samples. 

Col. (8) gives the crack length of each sample 
in em/ec, as found from the Table III charts. 

Col. (9) lists the values of the parameter Cr V Pp. 
They decrease regularly from 6 mesh to 100 mesh, 
and form a nearly straight line when plotted against 
the mesh opening in microns on log-log paper. This 
decrease is a result of the slight decrease in the ex- 
posure ratio Er in Col. (7). This parameter can be of 
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great value in predicting the tangent line slopes of 
new reduction products. 

The constant centimeters of crack length pro- 
duced per mill revolution in Col. (10) confirms the 
Third Theory and shows no relationship to the vary- 
ing work index values. 

The value of K listed in Col. (11) shows a near- 
ly constant relationship of the work index to the crack 
length produced and feed and product sizes. 


_ (Crp—Crf) P 


Wi (Feed % On) 


The work index is thus nearly inversely propor- 
tional to the product of the centimeters of new cracks 
per cc and the square root of the 80% passing size, 
divided by the percent weight of the feed retained on 
the mesh size tested. The feed percent on and the 
80% passing size P reflect natural or induced grain 
sizes which affect the work index without affecting 
the crack length produced. 

Table IV shows that the average values of K in 
Col. (11) increase slightly with finer sizes. This is 
partly compensated by the slight decrease of the Wi 
values in Col. (3). The relative invariability of K 
shows that the work index variations are primarily 
the result of natural and induced grain size deficien- 
cies and excesses, within the framework of the Third 
Theory. The work index values are not consistently 
proportional over the complete size range to the prod- 
uct particle diameter to any constant exponent, since 
the exponent must vary as the grain size is approached. 
The only exception is the reduction of a homogeneous 
material, when the exponent is —1/2 and the work 
index remains constant. 

The crack energy and surface energy inputs cal- 
culated from Equations B13, B14, B15, and B16 are 
also affected by grain size segregations and reduc- 
tion efficiency variations, since these influence the 
work input W and the work index Wi. The net work in- 
put to the grindability test mill is about 60 joules 
per revolution (12). 


EQUIVALENT SIZE OF SCALPED FEED 


When a crushed or ground material has had part 
of its natural fines removed, or scalped out, its re- 
sistance to size reduction per ton is increased. This 
can be expressed in terms of the increased 80% pass- 
size Pc of a ton of equivalent material containing its 
natural fines. Where P is the 80% passing size of the 
scalped material, the equivalent Pc is the equivalent 
80% passing size per ton with fines present, or the 
size which will have the same crack length as the 
scalped material with the natural slope Er and para- 
meter Cr of the unscalped material. 

The value of Pc can be found by making a Third 
Theory plot of the scalped material, finding the val- 
ue of Cr from the charts prepared from Table BII, and 
then using the charts to find the value Pc which will 


have the natural slope Er and natural Cr VP value 
of the unscalped material, with the same Cr value as 


the scalped material. The equivalent 80% passing 
size Pc, or Fc when the material is feed, is used in 
the basic Third Theory equation (1) to calculate work 
input or work index. The average value of Cr Y P_ 
in open circuit unscalped is about 570, and the slope 
Er should be selected to conform to this value. 

In cases where the feed consists of particles 
which have been screened and vary in size between 
close limits, the first step is to find the average 
micron diameter d of the sized feed, or the microns 
which 50% of the sized feed would pass. The crack 
length of the sized feed is then found from Cr = 
V 30,000/d. The equivalent feed size Fc is found 
from Fe = (570/Cr)?, foruse in Equation (1). 


CORRECTION FOR VERY FINE PRODUCT 


When the 80% passing size P is less than 70 
microns the work index Wi, as determined from tests 
above that size, is multiplied by a factor f to account 
for the increased work done in producing sub-grind- 
limit particles. The factor f is found from the follow- 
ing empirical equation: 


The small amount of material ordinarily present 
which is finer than the grind limit when P > 70 


probably consists principally of (1) tiny particles 
which acted as cement between the grains released 
by grinding, and (2) corners and edge fragments bro- 
ken from the mosaic blocks during grinding. 


APPENDIX D — CIRCULATING LOADS 
EFFECT OF CIRCULATING LOADS 


Grinding tests at 65 mesh were made on ore No. 
15 in Table Ill at three different circulating loads in 
addition to the standard at 250%. The results are 
listed in Table D-I. 

A fair indication of the increased efficiency of 
grinding with increasing circulating loads is given 
by the work index drop in Col. (3). However, there 
is no increase in the efficiency of new crack length 
production, as shown in Col. (10). This agrees with 
the Third Theory. An increased circulating load in- 
creases the efficiency of grinding to pass a certain 
size, but it does not increase the production of new 
crack length or new surface area, except insofar as 
it may ameliorate ball coating or other deleterious 


f = yap (C3) grinding conditions. 
TABLE D-I 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
No. % Circ Net Feed Cm 
Type Load Wi G/Rev. % On 12 Er Gr Cry PB Rev. K 
(15) (Feed) .248 529 
II-L 150 1.83 82.2 159 31.8 401 
II-L 250 82.2 192 28.6 376 Paley 
II-L 390 2.30 82.2 182 .189 27.9 376 
II-L 815 12.0 2.39 183 26.1 353 16.3 
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REACTION OF LOW GRADE NONMAGNETIC 


IRON ORES TO MAGNETIC ROASTING 
IN A FIXED BED 


ABSTRACT: 


This paper covers an investigation of the magnetic roasting characteristics of 
several iron ores when treated in the form of small pebbles (1/8’’ to 1/2”’ in 
size), and in the formof balled fines. The roasting treatment was carried out 
with apparatus capable of very close control of time, temperature, face velocity, 
and per cent combustible in the reaction gas. The effect of rapid initial heating 
was not studied although it is believed that this has a major effect on the re- 


sults when processing solid pebbles. 


The test equipment 1s a fixed bed type, with such a wide range of gas velo- 
cities, temperature, combustible content and etc., that the results obtained can 
be made to approximate those from various commercial roasting processes. 


The data presented in this report covers reaction rates, effect of processing 
variables on silica in the concentrate, flow resistance of beds, and to a limited 


extent, the effect of particle size. 


The work is far from complete and raises many more problems than it gives 
answers for. We believe, however, that much of the information will be useful 
to those engaged in investigation of magnetic roasting processes. 


SUMMARY OF RESULTS 


We measured the time required for various degrees 
of completion of the reaction of hematite to magnetite, 
for finely ground material in balled form and for care- 
fully sized crushed ore. Measurements were made for 
a variety of Minnesota and Labrador ores. This report 
covers an ore requiring fine grinding (-325 M) for lib- 
eration (Lower Kevin) and an ore requiring coarser 
grinding (-100 M) for liberation (Upper Olson). These 


ores represent approximately the range of character- 


istics for a group in the west end of the Mesabi Range. 


Our data shows that the reaction rate is very fast 
for the finely ground material and that tests are read- 
ily reproducible. The reaction rate of the larger size 
material, in the range of 1/8’ to 1/2”, is much slow- 
er and the results more erratic. 

We found that for the ores tested, the percentage 
of silica in the Davis tube magnetic concentrate was 
a function of iron recovery. Normally the concentrate 


W. H. DAILEY 1s with Surface Combustion Div., 
Midland Ross Corp., Toledo, and F. H. BUNGE is 
with M. A. Hanna Cor p, Hibbing, Minn. TP 60B58. 
Manuscript, Nov. 27, 1959. AIME Trans., Vol. 217, 
1960. New York Meeting, February 1960. 
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had a low and relatively uniform percentage of silica 
up to a critical value of recovery. Above this critical 
recovery value the percentage of silica increased very 
rapidly. For example, for one particular ore roasted in 
the form of 3/8’’ diameter balls made from -28 mesh 
fines, the silica remained at about 7% to 8% until the 
recovery exceeded about 93%. Increasing the recovery 
beyond 93% resulted in over 25% silica with the addi- 
tional recovery. 

The degree of conversion of hematite to magnetite (% 
completion of roast) required to obtain 93% recovery for 
balled material, varied inversely with the gas flow rate. 

Percentage silica in the concentrate resulting 
from roasting 3/16’’ and 1/2’’ solid material was rela- 
tively erratic. However, for varying degrees of iron 
recovery the lowest silica percentages corresponded 
to those obtainable when roasting fines. It is thought 
the probable reason for the erratic values was the 
variation in shattering or cracking of the pebbles dur- 
ing initial heating and roasting. There is some indi- 
cation that very fast initial heating will greatly in- 
crease the permeability of the individual particles of 
ore to gas flow so that the reaction rate for coarse 
sizes will approach that obtainable with balled fine 
material. 


| 
| | 
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METHOD OF TESTING 


The investigation covered the effect of time, 
temperature, face velocity and combustible per cent. 
It did not cover the rate of initial heating. 

Gas for heating, reacting, and cooling was forc- 
ed through a sample of sized crushed ore or of balled 


fines. The sample, of about 5 lbs. weight, was placed 


in a test container 3 1/2” dia. and 9”’ deep. Face 
velocities were varied over the range of 50 to 300 
f.p.m. and the temperatures were varied from 400 to 
800° C. Combustible content was varied from about 
5% to 22%. Most of the work was done at 250 to 300 
feet face velocity and 10% combustible. It was found 
that at this velocity the change in combustible con- 
tent of the reaction gas was negligible when passing 
through a 9’’ bed so that each piece of ore received 
substantially the same treatment. The combustible 
content of 10% was selected because it approximated 
that in use or contemplated for several commercial 
projects. Both the upper and lower layers were effect- 
ively roasted at the same temperature for the same 
length of time, and at the same combustible content. 


APPARATUS 


A section of the sample container is shown in 
Figure 1, and a photograph of the assembly is shown 
in Figure 2. The sample container is enclosed in an 
insulated cover, and there are two gas circuits. All 
of the gas enters at the top and then divides, part of 
it flowing downward to the sample container and out- 
ward through a cooler, venturi flowmeter, and a flow 
regulating valve. The remainder of the incoming gas 
flows downward along the outside of the sample con- 
tainer over its entire length and then passes into an 
annular collecting duct and out through a relief valve. 
This procedure insures a substantially adiabatic wall 
around the container so that the heat gained or lost 
through the container walls is negligible. 
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Magnetic roasting sample container assembly. 


FIG. 1 


FIG. 2 


Magnetic roasting sample container assembly. 


A thermocouple is placed in the inlet gas stream 
immediately above the container to measure the inlet 
gas temperature. A second thermocouple is located 
in the bottom of the container, about 1/2’’ above the 
bottom. This reading is taken as the temperature of 
the outlet gas. Normally the container is filled to a 
depth of about 9’’ for a 5 lb. sample. Maximum depth 
which can be used is 18’’. Connections are provided 
at the inlet and outlet for gas samples and pressure 
measurements. 


REACTION GAS SUPPLY 


The reaction gas supply is shown diagramatically 
in Figure 3. A photograph of the assembly is shown in 
Figure 4. All of the reaction gas is produced in a 
simple combustor type gas generator in which either 
propane or natural gas is reacted with air to produce 
a flue gas varying from zero combustible to about 25%. 
The gas leaves the combustor in the form of a high 
velocity jet which is directed at the entrance to a 
direct contact packed tower cooler. Gas flows upward 
through the cooler counterflow to downward flowing 
circulating condensate, and leaves the top of the cool- 
er at a controlled temperature of about 49° C., which 
corresponds to the saturation temperature of the hot 
gas from the combustor. The 49° C. saturated reaction 
gas passes through a manual control valve and then to 
the sample container. 

There is a by-pass gas line starting at the outlet 
of the hot gas jet, at right angles to the direction of 
the jet, and passing directly to the sample container. 
This line is constructed of lightweight low heat stor- 
age alloy steel tubing and is well insulated. 
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FIG. 3 Reaction gas supply. 


FIG. 4 


Reaction gas supply. 


The temperature is controlled by positioning of 
the control valve at the outlet of the cooler. When 
this valve is wide open all of the hot reaction gas 
goes through the cooler. When this valve is complete- 
ly closed all of the hot reaction gas is forced to turn 
at right angles immediately at the jet, and to flow 
directly to the sample container without cooling. 

Normally, when heating or reacting, the control 
valve is set at an intermediate position and part of 
the gas goes through the cooler before mixing with 
the hot gas flowing directly from the jet, thus main- 
taining the gas mixture at the proper temperature. 
Since the cooler delivers gas at the same moisture 
content as the hot gas, there is substantially no 
change in gas analysis on passage through the cooler. 

In addition to this basic test apparatus an auxil- 
iary dryer is available for initial drying of the ore 
sample by upward flow of heated dry air. It is normally 
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desirable to use this auxiliary dryer, rather than to 
dry the sample by means of the reaction gas. The high 
dew point of this reaction gas usually results in con- 
densation of moisture near the outlet end of the bed 


with consequent serious blinding. 


TEST PROGEDURE 


A five pound sample of crushed sized ore or ball- 
ed ore fines is placed in the sample container and the 
depth measured. The auxiliary hot air dryer is then 
connected to the container and operated until the air 
leaving the top of the sample reaches about 70" (CG 

The container is then placed in position in the 
test roaster and heating started immediately by flow- 
ing hot gas downward through the bed. In order to in- 
sure that roasting will not occur during the heating, 
the heating gas is adjusted to approximately 1% free 
oxygen. The temperature of the heating gas is regu- 
lated so that it enters the top of the bed at the select- 
ed roasting temperature and heating is continued un- 
til the thermocouple in the bottom of the sample also 
reaches this temperature. 

On completion of heating the adjusting knob for 
combustible content is turned to the proper value and 
the roasting started. Roasting continues for a pre-set 
length of time, then the combustible content is reduc- 
ed to about .5 to 1%, and cooling is started. Cooling 
is continued until the sample temperature is low 
enough to avoid re-oxidation on exposure to air. For 
most ores 100 C. to 150° C. is satisfactory. However, 
there are some ores which will re-oxidize rapidly at 
these temperatures and it is necessary to cool them 
to about 50° C. before exposure to air. 

On completion of the roasting and cooling cycle 
the sample can be removed and a new one inserted 
without shutting down the equipment. To do this the 
cold gas valve from the cooler is closed and the vent 
valve is opened. Under these circumstances the jet 
has sufficient power to pull a slight vacuum on the 
sample container so that it can be safely opened with- 
out escape of gases containing carbon monoxide into 
the room. This procedure allows successive tests to 
be run at close intervals with very little lost time. 


EFFECT OF DRYING PROCEDURE 
ON PERMEABILITY OF SAMPLE BED 


The procedure for drying the balled fine material 
has a marked effect on the flow resistance of the bed. 
Figure 5 shows graphically a history of pressure drop 
through the sample bed for downdraft drying with flue 
gas at 49° C. dew point (which corresponds to the 
spent gas encountered in commercial roasting pro- 
cesses), and for updraft drying with relatively dry air 
(which corresponds to ideal conditions). In each case 
the bed resistance at room temperature and 100 f.p.m. 
face velocity was approximately 1’? of water. 

During downdraft drying with flue gas the bed 
partially blinded during the drying operation and its 
resistance increased about seven times. During the 
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heating cycle from the end of drying to the start of 
roasting, the bed resistance increased approximately 
in proportion to the absolute temperature. During the 
roasting process the resistance increased from 2]”” 
of water to 24’ of water, an increase of about 15%, 
which is typical and thought to be due to the dimen- 
sional change associated with conversion of hematite 
to magnetite. During the cooling cycle the resistance 
decreased again approximately in proportion to the 
absolute temperature and ended up slightly above the 
bed resistance at completion of drying. 
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velocity is 100 ft/min. Effect of drying procedure 
on 3/8 in. nominal ball size, loaded 9 in. deep, 


containing 1] pct moisture. Balled fines (--28) mesh. 


In contrast, the lower graph made with the same 
material and updraft drying with relatively dry air, 
showed practically no increase in specific resistance 
due to the drying operation. It again showed the 
characteristic increase in resistance due to the roast- 
ing operation, and on cooling, returned to resistance 
only slightly above the initial value. 

The data presented in Figure 5 is typical for 
good balling, and the measured resistance is about 


140% of that calculated for ideal uniform 3/8’’ spheres. 


When unusually rough, nonuniform size balls are test- 
ed, the resistance sometimes reaches 2 to 4 times the 
values shown here. 

\lany tests have confirmed that the specific re- 
sistance of the bed changes only during drying and 
during roasting. Repeated attempts to alter the bed 
resistance by high flow rates up to 300 f.p.m. face 
velocity show no effect. Operating temperatures up to 
850° C. (1560° F.) have also shown no effect on the 


bed resistance when measured at standard conditions. 


GAS EQUILIBRIUM DATA 


Figure 6 shows a plot of the reducing gas analy- 
sis in equilibrium with iron and its various oxides. 

In order to show the entire field from iron to hematite 
a logarithmic scale is used. 

Note the extreme range of conditions under which 
magnetite (Fe. O4) is the stable form, ranging from a 
carbon dioxide/carbon monoxide ratio of about 1.0, to 
a ratio of 100,000. For all practical purposes any gas 
containing a trace of combustible (CO or Ho) is in 
equilibrium with magnetite providing no oxygen is pre- 
sent. Commercial roasting processes use reducing 


gases whose ratio (CO5/CO or Ho)/Ho9) varies from 
about 1 to 20. 


1000 
1500}- — 809, 
Fe Fe30. “| 
w T 
© 1000}—--— = 
w 
5 
< | AS +400 
H,D/H, 
200 
.01 10 0 too 1000 0,000 100,000 000,000 
RATIO AND CO2/CO 


FIG. 6 


Equilibrium curve for the oxidation and reduction 


of iron oxide. 


The reaction rate increases very rapidly as the 
temperature increases, and also increases about in 
proportion to the combustible content of the reducing 
gas. 

Therefore, when a very long time is necessary 
for the conversion of hematite to magnetite, as is the 
case for large size (1/2 to 1’’) pieces of low porosity, 
it is customary to operate at relatively high tempera- 


tures (800 - 900° C. or 1470 - 1650° F.) and 10 to 


20% combustible (CO2+HeO = .8 to 2.5). 
There is always danger in over reducing, that is 


forming FeO which is nonmagnetic, and quite close 
control of the reducing gas composition is necessary. 
‘The requirement for high temperature in the roasting 
process makes good heat recovery important. Also 

the high combustible content makes some form of 
countercurrent or recirculating gas flow system essen- 
tial, if good operating economy is to be achieved. 

At the opposite extreme, for pieces with very 
high porosity (say balled fines) the reaction rate is 
so high that the roasting time is a very small propor- 
tion of the time required for heating to the reaction 
temperature. In this instance then it is most economi- 
cal to roast at low temperatures (450 -600° C. or 850 - 
1200° F.). It is also practical to use lower combust- 
ible content in the reducing gas (3 to 10%) while main- 
taining very good operating economy. 

Our tests were run with reducing gas made from 
partially combusted propane, with gas analyses rang- 
ing from 3% to 23% combustible (CO + Ho) corres pond- 
ing to a COg + Hy O/CO + Ho ratio of 8 (3%) to .7 (23%). 

To check the practicability of using the published 
equilibrium data we ran several long time tests under 
conditions close to and on the border line of the FeO - 
Fe 30,4 equilibrium boundary as shown on Figure 6. 
Within the limits of our accuracy of measurement the 
test data conformed to the equilibrium conditions on 
Figure 6. Actual test data is included in addendum 2. 

In order to simplify our presentation we are using 
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ee as an index to the rela- 
tive oxidizing or reducing power of the reaction gas. 
We should be considering the ratios CO5/CO and 
H90/Ho separately. However, at equilibrium condi- 
tions the gas constituents reform to maintain the same 
proportions to each other as the CO./CO and 
graphs in Figure 6. For example, a gas of about 26% 
combustible in equilibrium at 1060 F’. will have a 
CO»./CO ratio of 1.0 and an H»0/Ho ratio of .4, which 
are the same values as shown on the graphs in Figure 
6, and the combined ratio of Soa will be about 


.7. We believe that this is a satisfactory practical in- 


the combined ratio 


dex to the oxidizing or reducing power of a mixed gas 
containing CO» and Ho as the reducing agents. 

Even though the actual reaction gas used did not 
ever come to equilibrium (the CO was always high, 
and the Hy was always low) we feel our check tests 
demonstrate, that for all practical purposes the gas 
behaved as though the CO,/CO and H50/Ho ratios 
were in equilibrium at the ore processing temperature. 

We do not regard CH, as combustible or reducing 
agent at the temperatures normally encountered in 
roasting reactions, and it is not considered in our 
calculations. 

Typical gas analyses are given in addendum 2 at 
the end of this report. 


ORES 


The two ores covered in this report are represent- 
ative of a group of Mesabi crude ores assaying about 
33% iron. They cannot be satisfactorily concentrated 
by physical means. In each instance they were crush- 
ed, screened, washed, and treated by heavy media. 
The material for roasting consisted of heavy media 
tails, screen oversize, and classifier oversize. De- 
tailed information is given in addendum 1. 

One of the ores, designated Lower Kevin, is rela- 
tively hard and breaks cleanly when crushed. The 
second ore, designated Upper Olson, is softer and 
forms a high percentage of clay-like fines and slime 
when crushed. 


REACTION RATES 


The ores were roasted in sizes varying from -28 
mesh in balled form, to 1/2”? screen size in solid 
form. Since we were primarily simulating specific 
commercial procedures, our date does not completely 
cover the full range of conditions under which roast- 
ing can be done. It is, however, sufficiently complete 
to allow some conclusions to be drawn regarding the 
mechanism of the roasting reaction. 

Our data is presented in graphical form as % 
roasted versus time, where % roasted means the % 
conversion of hematite to magnetite, as measured by 
ratio of ferrous to total iron determined by chemical 
assay. 

Note that for the Olson ore the assay sometimes 
shows over one hundred % apparent conversion to 
magnetite. In addition to the Upper Olson, several 
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other ores consistently showed apparent over-redu ction 
and formation of some FeO even though the conditions 
of temperature and gas composition were clearly in the 
field. 

Possibly some of the iron was in the form of sili- 
cate compounds which were inert under the roasting 
conditions, but showed up as ferrous iron in the assay. 
If FeO was present we would expect the magnetic re- 
covery to be lower after roasting beyond 100% appar- 
ent conversion to magnetite (Ferrous iron/total iron = 
.33). However, actually the magnetic recovery increas- 
ed consistently up to the maximum reduction attained 
corresponding to ferrous iron/total iron of .374. 

When we roasted under conditions which should 
produce FeO we had lower magnetic recovery as would 
be expected, since FeO is nonmagnetic. 

The data for roasting solid pieces of ore is given 
in Figure 7 and 7A. Note that this data is based on 
tests at 700° C. and 80 f.p.m. face velocity. For each 
ore the time required for 90% completion was roughly 
in proportion to the size. The harder ore (Kevin) roast- 
ed in approximately 60% of the time required for the 
softer ore (Olson) . 
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for lower Kevin ore, crushed and screened. 
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FIG. 7A Roasting rate vs. size and time at 700°C. 
(1300°F) for upper Olson ore, crushed and 


screened. 
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In balled form (about 3/8” dia. balls of -28 mesh 
fines) the roasting rate was very much faster. The 
roasting was done at high gas velocity (250 f.p.m.) 
and relatively low temperatures (400 to 540° C. or 
750 to 1300° F. ) so that results (see Figure 8 and 8A) 
from roasting the balled fines were not directly com- 
parable to those from roasting solid pieces of ore at 
700° C. (1300° F.) and 80 f.p.m. Extrapolation from 
the data in Figure 8 indicates that the roasting time 
fore the balled fines would be about 1 to 2 minutes at 
700° C. to obtain 90% conversion to hematite. This 
is about 10% of the time required to roast the same 
material in solid form at the same size. Attempts to 
run tests with balled material at 700° C. (1300° F.) 
were unsatisfactory. If enough time was allowed for 
full gas penetration to the center, the outside layers 
were completely roasted with resultant high silica in 
the magnetic concentrate. At least 10 minutes roast 
time was necessary to obtain satisfactory uniformity 
so that the recovery couldbe controlled by regulating 
the amount of roast (% conversion to magnetite). 
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balled ore fines (--28) 
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balled ore fines (--28) mesh, upper Olson ore. 


FIG. 8A 


In balled form the harder ore (Kevin) roasted much 


faster than the softer (Olson), requiring about 30% as 
much time. 

Trials were made at low temperatures and it was 
found that there was a practical lower limit character- 
istic of each ore. For example, the Kevin balled fines 
were roasted at 400°C. (750° F.) but 90 minutes was 
required for the reaction to reach 90% completion. In- 
creasing the temperature to 425° C. (800° F.) gave 90% 
completion in about 12 minutes. For Olson balled 
fines the correspondin g minimum temperature was 
about 540° C. (1000° F. ) to obtain satisfactory reac- 
tion rates. The above reaction rate data should not 
be used as absolute values. The work was done over 
a period of time, using different portions of a large 
bulk sample crushed and ground in different manners. 
In view of the very large difference in behavior be- 
tween the two ores, we expect that different test 
samples also had some inherent variations in roast- 
ing rate. 


EFFECT OF GAS FLOW RATE 


The reaction gas flow rates had a marked influ- 
ence on the rate of roasting of balled fines. An in- 
crease in gas flow rate from 80 f.p.m. to 250 f.p.m. 
face velocity (see addendum 3) decreased the time 
required for 90% completion of roast by about 50%. 

In addition the amount of roast required for a given 
recovery as magnetic concentrate also decreased as 
shown in Figure 9. The % completion of roast requir- 
ed to obtain 90% recovery dropped from 86% at 80 f.p.m. 
face velocity to 66% at 250 f.p.m. space velocity, en- 
abling a further reduction of about 30% in the time re- 
quired to obtain a given recovery. 
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balled ore fines (—28) mesh, lower Kevin ore. 


The increase of roasting rate with increased gas 
flow rate can be explained on the basis that the in- 
creased flow maintains a higher effective combustible 
content in contact with the individual ore particles. 

The effect of gas flow increase in lowering the % 
completion of roast required for a given magnetic re- 


covery, is more difficult to explain. It seems to us 
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that it is possibly due to the increased gas flow 
through the balls. These balls are porous (30 to 40%) 
and increasing the gas flow through the bed increas- 
es the pressure drop. This in turn possibly sufficient- 
ly increases the amount of gas which passes directly 
through the balls so that the particles in the interior 
roast nearly as rapidly as those on or near the outside 
surface. Under this condition it is possible that each 
hematite grain might be sufficiently roasted to make 
it magnetic even though the overall conversion to 
magnetite is only partially completed. 


SILICA IN MAGNETIC CONCENTRATE 


A Davis tube was set up to simulate the expect- 
ed performance of commercial magnetic separators. 
At first, the results showed wide variations and did 
not seem to correlate with degree of completion of 
roast, temperature or combustible content of the 
roasting gas. Finally we found that for the particular 
ores tested the silica in the magnetic concentrate 
was a function of recovery. This was determined by 
roasting balled fines with very high gas velocities so 
that all of the individual pieces of ore were in con- 
tact with substantially equal strength reducing gas, 
at the same temperature and for the same length of 
time. 

Tests run as above showed that the % silica in 
the magnetic concentrate remained at a low value, in- 
creasing slowly as the recovery increased, until the 
recovery exceeded a critical value (usually 90 - 92%). 
Increasing the recovery beyond this point by more 
complete roasting resulted in a very large increase in 
silica in the concentrate. Figure 10 shows graphically 
the rapid increase in silica in the whole quantity of 
magnetic concentrate as the iron recovery increased. 
Note that increasing the recovery from 93% to 95% in- 
creased the silica from 7.5 to about 8.2%. This meant 
that the additional 2% of iron carried about 28% silica 
with it, about the same as the original ore. Further 
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Average percent of silica in meer eee concentrate 
vS. percent magnetic recovery of iron. Lower 
Kevin ore, (--28) mesh, 3/8 in. ball size. 
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increasing the recovery from 95 to 97% carried 50% 
silica with the additional iron. 

We believe that the reason for this rapid increase 
in silica at high recovery is based on the physical 
structure of the ore. 

It seems probable that for ore ground to -28 mesh 
and balled, the gas has rapid access to all particles 
of hematite which have exposed faces and all of this 
hematite (which amounts to about 90% of the total) 
probably roasts rapidly and about at the same rate. 

The remainder of the hematite is probably sur- 
rounded by silica and the gas must diffuse through 
this silica enclosure to reach the hematite inside. 

There is certainly a marked change in the mech- 
anism of roasting at this point as shown by the large 
amount of silica associated with the iron fraction 
which becomes magnetic, when roasting is continued 
beyond the degree needed for 90% recovery of the 
iron. 

Magnetic roasting of larger individual pieces of 
ore (1/8’’ to 1/2’’) did not show a clear relationship 
of % silica in magnetic concentrate, to iron recovery. 
For a given recovery, the silica content was always 
equal to or greater than that obtainable from balled 
fines. We think that the explanation for this is based 
on the behavior of the individual pieces of ore when 
heated, and during the roasting reaction. When a large 
piece of ore of relatively low porosity is roasted, the 
outside reacts rapidly but the interior reacts very 
slowly, limited by the rate of diffusion of reducing 
gas inward. As a result, the iron oxide in the outer 
layers, including the particles enclosed in silica, is 
completely roasted to magnetite before the reaction 
even Starts in the inner layers. 

The ores contained large amounts of silica and 
some hydrates (limonite, goethite). During heating 
the hydrates break down, releasing water vapor, and 
silica sometimes undergoes a transformation which 
results in approximately 2% linear expansion. Rapid 
heating can then result in a shattering effect which 
can possibly increase the porosity sufficiently to 
approach that obtainable with balled fines. In addition, 
the conversion of hematite to magnetite involves a 
small dimensional change which can result in a fur- 
ther increase in porosity. 

We think that tests of large pieces (1/8 to 1/2’) 
conducted with extremely rapid initial heating (say 
100 to 200° C. per minute) under carefully controlled 
conditions, will show a relationship between silica 
and recovery similar to that shown for the balled fine 
material. 

The preparation of this paper has required the co- 
ordinated efforts of the metallurgical and analytical 
staffs of both our organizations, who completed the 
large number of tests needed for this investigation. 

We are also indebted to the following for guidance 
and help in the analysis of the data: 

Henry Wade . . . Director, Mines Experiment Station, 
University of Minnesota. 


Dr. John J. Turin . . . Head of the Department of 


Physics, Toledo University. 
Jack Huebler . . . Surface Combustion Division of 
Midland Ross Corp. 
We wish to express our appreciation to the M.A. 
Hanna Company for permission to present the paper. 


ADDENDUM 1 


CHARACTERISTICS OF 
MESABI RANGE ORES STUDIED 


The two ores which were extensively studied for 
magnetically roasting characteristics were of two 
types and were identified as Upper Olson and Lower 
Kevin. The Upper Olson ore is a Soft earthy type of 
iron ore whose liberation is good at -100 mesh grinds, 
for magnetic roasted material. The Lower Kevin ore 
is harder and its liberation characteristics are finer 
than the Upper Olson sample. Magnetic roasted Lower 


Kevin ore must be ground to -325 mesh to effect satis- 


factory liberation of the artificial magnetite and 
gangue. The two samples studied represent types 
from a group of western Mesabi semi-taconite ores. 
Prior to the magnetic roasting study reported in this 
paper, extensive flotation test work had been com- 
pleted on 12 iron ore samples. Several of these 
samples did not respond well to concentration by flo- 
tation. In order to determine what factors were in- 
fluencing the flotation results, microscopic studies 
were completed by Dr. G. M. Schwartz of the Univer- 
sity of Minnesota. Results of his studies on the -4’’ 
crude fraction for the 12 samples are presented in 
the general discussion summary. Also listed are his 
specific comments on the -4’’ crude Upper Olson and 
Lower Kevin samples which were used for the mag- 
netic roasting tests on which comments are present- 
ed in this paper. 


MICROSCOPIC STUDY OF 
TWELVE IRON ORE SAMPLES 
G. M. Schwartz 


GENERAL DISCUSSION 


The twelve ores are much alike. All consist 
mainly of hematite, limonite (geothite) and quartz. 
The other minerals which can be identified are not 
abundant enough to make much difference in concen- 
tration. It is possible that clay minerals are present 
to a limited extent in some samples but cannot be 
identified because of the masking effect of earthy 
limonite. 

The fact that the mineralogy of the samples is 
alike, except for variation in relative percentage of 
the three main minerals, means that variation in con- 
centration characteristics results from textural differ- 
ences and the relative amount of the minerals. 

Microscopic study shows that there is consider- 
able difference in the ratio of limonite to hematite. 
This means that the hematitic ores give a somewhat 


higher grade due to its higher iron content (70%) as 
compared to limonite (goethite) (60%). 

It is also clear from the study that hematite tends 
to occur as harder more compact masses so on crush- 
ing and grinding it produces less slime. It is note- 
worthy that the seven ores which are not listed as 
unsatisfactory for the most part have a good content 
of hematite. 

It is probable that the most important factor in the 
reaction to flotation is the manner in which quartz and 
iron oxide, mainly limonite, are related. If the quartz 
grains are fairly free of limonite inclusions they will 
react well in flotation unless there is too much fine, 
dusty iron oxide to coat the quartz on the outside. In 
most of the samples, there is more or less very fine- 
grained limonite included in the quartz grains. The 
samples that react poorly to flotation are practically 
always dirty, that is, filled with iron oxide. This in- 
creases loss of iron and also tends to increase the 
silica in the concentrate because some grains with a 
high iron oxide content will go with the concentrate. 

The difference in the concentration of hematite 
and limonite is, in part and probably mainly, due to 
their origin. Hematite forms largely be oxidation of 
magnetite. Because magnetite occurs as crystals or 
anhedral grains, the hematite tends to form relatively 
hard compact pseudomorphs called the variety martite. 
This is ideal for concentration. 

Limonite (goethite) forms mainly by alteration of 
iron carbonate and iron silicates (siderite, minnesotaite, 
stilpnomelane and minor amounts of other minerals). 
This results in freeing iron as limonite and silica as 
quartz but with the limonite partly distributed as very 
fine-grained inclusions and clots in the quartz. It is 
also probable that more or less silica forms cryptocrys- 
talline quartz mixed in with the main fragments of 
limonite. It is also probable that alumina and other 
minor chemical constituents are hidden in the earthy 
limonite. 

A careful recheck of the samples shows that those 
with relatively abundant limonite respond poorly to 
flotation while those with abundant hematite respond 
well. 

As a check on the possible significance of con- 
stituents other than iron and silica, I would suggest 
determining the amount of AlgOg in the limonitic ores 
which do not respond well to flotation. Kaolinite is 
only two-fifths alumina so even two percent AloO 
in the earthy ores would mean five per cent clay which 
might partly account for low iron in the concentrate. 

It should, perhaps, be pointed out that examina- 
tion of both the tails and concentrates would help in 
determining whether or not the above analysis of the 
problem is correct. 

Examination of the raw sample with a petrographic 
microscope tends to verify the fact that quartz is very 
dirty. The rather high content of hematite would lead 
to better results, otherwise. 

January 8, 1959. 

Sample: Lower Kevin. 9/3/58. -10 mesh. Fe=33.35%. 
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Submitted by: George Kotonias. M. A. Hanna Re- 
search Laboratory, Hibbing. 

Note: Does not respond well to flotation. 

This has a high percentage of earthy limonite 
which coats the other grains. Quartz and minor amounts 
of hematite are present. 

Petrographic Microscopic Examination. 

This sample has the iron mainly as limonite and 
even after treatment with acid the residual quartz is 
highly contaminated with limonite, in fact very few 
clean grains of quartz exist. The limonite, is of 
course, one reason for the low grade of the beads, 
1.e., 60% Fe versus 70% in hematite. 

The raw sample mounted in index oil shows limon- 
ite much more abundant than hematite and as usual 
hematite forms the hard, compact fragments. Much of 
the quartz is badly contaminated by limonite and | 
suspect that this is the main source of difficulty. As 
usual the limonite in quartz is excessively fine grain- 
ed and much of it cannot be liberated by find grinding. 
Particles from 1 to 5 microns in diameter are common. 
Only aggregates would exceed the opening of a 325 
mesh size (.043 mm). 

January 6, 1959. 

Sample: Upper Olson 10/6/58. -10 mesh. 

Fe= 44.81%. 

Sumbitted by: George Kotonias. M. A. Hanna Re- 
search Laboratory, Hibbing. 

Note: Does not respond well to flotation. Bino- 
cular examination shows hematite and limon- 
ite, and some coarse quartz. Probably much 
of the impurities are masked by earthy red 
iron oxide. 

Petrographic Microscopic Examination. 

This sample contains a large amount of earthy 
iron oxide, probably a mixture of limonite and hema- 
tite. The amount of hard, compact hematite is only a 
fraction of the softer, earthy material. The gangue, 
even after treatment with acid is filled with iron 
oxide inclusions. This dirty character of the quartz 
and silicate minerals is doubtless one cause of 
trouble with flotation. 

Quartz is only moderately abundant. Partly oxi- 
dized silicate grains are also present. These are 
difficult to identify because of the iron oxide but 
stilpnomelane is certainly present and probably 
minnesotaite. However, the bulk of the sample con- 
sists of hematite, limonite and quartz. 

The raw sample mounted in index oil shows that 
the quartz is highly contaminated and coated by iron 
oxide. 


ADDENDUM 2 


CHECK OF EQUILIBRIUM CONDITIONS 
USING BALLED KEVIN FINES 


CO2+H20 
Temperature Time Combustible CO+H2 Product 
820 C. 30 Min. 10% Daz Fes04 + Trace of FeO 
840 C. 30Min. 22% 9 71% FeO + 29% Fes04 
700 C. 20 Min. 10% DARPA 100% Fe304 
6s0NG. 30 Min. 23% 9 Fes304 + Trace of FeO 
540 C. 90 Min. 10% 100% Fes04 
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TYPICAL REACTION GAS ANALYSES (VOLUME %) 


COz H20 H2_x CO2 
CO Hz CO2 H20 CH4 CO Hz H20 x CO 


Gas Entering Ore Bed 5.8% 3.4 7.8 14.7 .1 1.4 4.3 3 


Gas Leaving Ore Bed 5.2% 4.2 8.6 14.0 
at 250 f.p.m. face 
velocity and 680° C. 
(1250° F.) 


Gas Leaving Ore Bed 
at 80 f.p.m. face 
velocity and 680° C. 
(1250° F.) 


5.2) 4.28.6 5 


The above analyses were taken with a nearly 
completely roasted ore sample. In each instance the 
gas velocity was so high that the gas did not reach 
equilibrium conditions in the short time for passage 
through the 9’’ deep bed (.015 to .05 sec.). 

The inlet gas combustible content varied during 
the test period, so the combustible content of the out- 
let gas as tabulated above is not directly comparable 
with that given for the inlet gas. 

The inlet gas COz = +3) was in equili- 
brium at 1370° C. (2500° F.) which was the approxi- 
mate operating temperature of the combustion gas gen- 
erator. The gas passing throughtthe bed reformed 
partially, that is the CO decreased and the Hog increas- 
ed, increasing the ratio tee to .5 which 
corresponds to about 1100° C. (2000° F.). 


ADDENDUM 3 
EACE, VEL 


Throughout the paper we use the term face velo- 
city, in terms of feet per minute, to designate roast- 
ing gas flow rate. By face velocity we mean the gas 
velocity as feet per minute at 60° F. and 29,92 inches 
mercury, which would exist if the s4mple container 
was empty. 

For example: Our sample container was 3 1/2 in- 
ches diameter or .067 ft.* cross-sectional area. At a 
gas flow rate of 5.3 std. ft.>/minute, the velocity at 
standard conditions would be 5.3/.067 or 80 ft/minute. 

Actually the velocity in the charge is much higher 
than this. At an operating temperature of 540° C. 
(1000° F.), with uniform diameter pieces in the charge, 
the true peak velocity could reach over 1000 ft./minute. 

Due to the difficulty in determining the true velo- 
city under conditions of varying temperature and size 
and shape of charge material, it is customary to use 
the term ‘‘face velocity’? as described above. 

In commercial operations face velocities are used 
over the range of 10 ft./minute to 300 ft./minute. 
Fluidized beds for reduction operate at about 25 to 
50 ft./minute. Blast furnaces and some other shafts 
operate in the 200 to 300 ft./minute range. 


PRESSURE CHANGES AT SPLITS AND 
JUNCTIONS IN MINE VENTILATION CIRCUITS 


The estimation of the magnitude of pressure 
changes which occur in mine ventilation circuits is 
of primary importance to the mining engineer in mak- 
ing changes in an existing mine or in projecting the 
ventilation requirements of a new mine. It is a form- 
idable task in many cases, because no adequate 
theory is available and empirical data are unreliable 
or even lacking. The common practice of increasing 
one’s estimate of the mine static pressure by an arbi- 
trary ‘‘safety factor’’ to compensate for the unknown 
is a poor substitute for accuracy. 

Generally little difficulty is encountered in cal- 
culating friction losses in mine airways. As long as 
the friction factor can be reliably estimated, the well- 
known Atkinson formula gives accurate results. How- 
ever, it is in the determination of shock losses that 
the ventilation engineer encounters difficulty and is 
apt to resort to an arbitrary allowance. Shock losses 
may constitute as little as five or as much as twenty- 
five percent or more of the overall pressure drop in 
the mine, and such allowances are generally com- 
pletely unsatisfactory. 

Since other shock losses have been covered by 
McElroy (1), this paper deals with a long-neglected 
source of shock and pressure change in ventilation 
circuits, divergence and convergence of airflows, here 
referred to by their more common mining terms, splits 


and junctions. 


PREVIOUS WORK 


There is practically no fundamental information 
available in ventilation literature on the splitting and 
junction of airflows, either in mining or mechanical 
engineering periodicals or handbooks. Fluid mechan- 
ics textbooks seemingly avoid the subject of diver- 
gence and convergence, except for brief empirical 
treatment. 

The only investigation reported for mine ventila- 


tion systems was by Weeks, et al (2), in 1933. Although 
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applicable to the case of line brattices in coal mines, 
it cannot be applied to the general case of mine split- 
ting and junctions involving change of direction with 
little or no area change. In dealing briefly with the 
subject of shock losses at splits and junctions, 
McElroy (1) suggests only that they be considered 
comparable to bends, with losses at junctions being 
increased 50 pct to allow for interference of merging 
streams. He recognizes the importance of quantity 
ratio but concludes that exact quantitative data are 
lacking to compute losses at splits and junctions. 

A very capable summary and analysis of the state 
of knowledge in industrial ventilation and fluid mech- 
anics regarding losses due to divergence has recently 
been reported by Gilman (3). In considering all earlier 
work dealing with both air and water as fluids, he 
compares results on a common basis and obtains good 
empirical agreement. For divergent flow, the con- 
trolling variable in each branch is the quantity ratio, 
although the deflection angle is of secondary impor- 
tance. Empirical equations are presented for straight 
and 90-deg branches with varying velocity ratios, 
assuming branches smaller than the main duct. These 
formulas are modifications of the Borda equation for 
abrupt contraction and expansion. 

The only information available on shock losses 
in convergent flow are approximate experimental data 


presented by Alden (4) and the Manual of Recommended 


Practice for Industrial Ventilation of the American 
Conference of Governmental Industrial Hygienists. 
Alden considers the effects of both quantity ratio and 
deflection angle. The data indicate an effect opposite 
to that observed in divergence, the shock loss varying 
directly with quantity ratio. 


SHOCK LOSS THEORY 


Because pressure losses due to shock have been 
found to bear a constant relation to the mean velocity 
of flow in a given conduit, they are frequently express- 
ed as a dimensionless function of the velocity head, 
termed the shock loss factor. For airflow in ducts and 
mine airways, the shock loss may be represented by 
the formula (1): 

Hx = XHy, (1) 
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where Hx is shock loss, in in. water, X is shock loss 
factor and Hy is velocity head, in in. water. (Since X 
is dimensionless, Hy and Hy may be expressed in any 
units; inches of water is used here since it is the 
customary pressure unit in mine ventilation.) In con- 
sidering split or divided fluid flow, the velocity head 
must be identified clearly. Throughout this paper, the 
velocity head in the branch rather than the main duct 
will be employed. Hence, the shock loss factor is 
also understood to apply to the branch rather than the 
main duct. 

A given source of shock attributed to direction 
or area change in a mine airway has a corresponding 
shock loss factor which is constant, regardless of 
the quantity of airflow. This is not true of shock fact- 
ors for splits and junctions. They apparently vary as 
a function of the ratio of the quantities in the branch 
Q}, and the main duct, Q. Furthermore, while the 
shock loss factor is considered dimensionless and in- 
dependent of air density, Korst, et al (5), have shown 


that shock factors vary inversely with Reynolds number. 


Within a narrow range of Reynolds number, however, 
this variation is usually disregarded. 

The ratio of the areas of the branch and main 
ducts and the deflection angle of the branch duct are 
involved also. Ordinarily, the area ratio in mine air- 
ways is unity, but it may vary considerably, as in air 
splits between levels from large drifts to small raises. 
It is possible to combine the effects of quantity and 
area variations into a single variable: the ratio of the 
velocities in the branch and main ducts. This is not 
recommended, however, because McNown and Hsu (6) 
have shown that the shock factor in splitting is not 
constant for a given velocity ratio. More correctly, 
shock factors are plotted for varying quantity ratios 
at a constant area ratio. 

The deflection angle of the branch exerts an 
effect at splits and junctions comparable to that at 
bends. At splits, the angle affects only the deflected 
branch. At junctions, however, it is logical to expect 
an effect on both the straight and the deflected branch- 
es, because the flow from the deflected duct will have 
a more disruptive effect on the flow in the straight 
branch when they converge at a high angle. 

It is proposed here that the pressure change in a 
given branch at splitting or junction be considered as 
the sum of the shock losses due to expansion or con- 
traction plus deflection. Since the area change under- 
gone is more gradual than abrupt, the shock loss fact- 
or for splitting or junction is probably some fraction 
of the loss due to abrupt expansion or contraction. 
The four branch situations can be summarized by the 
following equations in terms of shock loss factor X: 


splitting 
straight branch: Xgg: kgsXe (2) 
deflected branch: Xgq* kgqXe+ Xb (3) 
junction 
straight branch: kjsXc (4) 
deflected branch: Xjd= kjdXc (5) 
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where Xe is shock loss factor due to abrupt expan- 
sion, Xe is shock loss factor due to abrupt contraction, 
Xp is shock loss factor due to bend, k is a constant, 
and the subscripts of X and k (ss, sd, js, and jd) 
designate the branch and splitting or junction. Equa- 
tions to compute Xe, Xc, and Xp are presented by 
McElroy (1). Pressure changes corresponding to the 
above shock factors can be determined by means of 
Equation 1. 

Knowledge of the extent of these shock losses is 
of considerable importance in balancing mine ventil- 
ation circuits involving either natural or controlled 
splits. Weeks (2) has demonstrated that the air divides 
in such a way as to make the drop in static pressure 
the same across all splits, and that shock losses as 
well as friction losses affect the static pressure drop. 

Experimental work was undertaken to verify the 
theory here proposed and to evaluate the constants 


in the above expressions. 


EXPERIMEN TAL P ROCEDU RE 


To study splitting and junction in mine airflow 
under controlled laboratory conditions, a 7 x 10-3/8 
in. rectangular duct 37 ft. in length with two branches 
was constructed of sheet metal. The same cross- 
sectional dimensions were maintained throughout the 
duct to provide an area ratio, branch to main, of 1. A 
variable-speed axial-flow fan was connected to the 
duct in the blower position. Duct and fan are shown in 
Fig. 1. The angle of the deflected branch was varied 
by installing different wye connections. A damper- 
regulator in the straight branch controlled the flow 
division between the two branches. Plastic windows 
were installed in the duct at both split and junction 
to permit observation of flow patterns when using 
smoke. Six pressure-measuring stations were provided 
in the duct system, as indicated in Pigs 


DUCT PLAN VIEW 


direction of 


pnt 


Zone of 
Junction 


Zone of 
Splitting 


detiected branch STAS 


SCALE, feet 


ODUCT CROSS SECTION 


FIG. 1 Experimental duct and fan arrangement showing 
location of regulator, measuring stations, and 


zones of splitting and junction. 


In order for results from this laboratory study to 
be applicable directly to underground openings, it was 
necessary to insure dimensional similitude between 
the model and mine airways. This was accomplished 
by maintaining the Reynolds number of the model with- 
in the range commonly encountered in mines, which 


varies from about 10,000 to 2,000,000. Varying the 


STA. 6 sta. sTa2 
REGULATOR Fan 
syas 
7: 


fan speed permitted the airflow quantity and hence 
Reynolds number to be controlled closely. 

To study flow patterns in divided flow, a series 
of smoke tests was made. One or more smoke bombs 
were placed in the duct near the fan, and the smoke 
flow patterns at splitting and junction were observed. 

Studies of pressure changes at splitting and 
junction were carried out over a wide range of quan- 
tity ratio and deflection angle. Using the regulator 
in the straight branch, quantity ratios of 0.14 to 0.86 
could be attained. Three wye fittings were used to 
provide branch deflection angles of 30, 60, and 90 
deg, and five different quantity ratios were studied 
for each fitting. All pressure measurements were made 
directly at the six measuring stations by pitot tube 
and Askania water-type micromanometer. The instru- 
ment sensitivity was 0.0002 in. water. Static, velo- 
city, and total pressure readings at each station were 
made by stationary traversing at nine positions within 


the duct. Results were averaged to obtain mean heads. 


The experimental error of the pressure measurements 
was estimated to be + 0.005 in. water. 

Velocities and quantities of flow were calculated 
from the measured velocity heads. Observations of 
the psychrometric properties of air were made contin- 
ually throughout the tests to permit determination of 
air density and Reynolds number. The equivalent dia- 


meter of circular duct was used in computing Reynolds 


numbers for the rectangular test duct. 

Pressure changes at splitting and junction were 
determined by subtracting the total pressure readings 
at appropriate adjoining stations. For example, at 
splitting in the deflected branch, the pressure change 
was the difference between readings at stations ] 
and 3. Since this pressure change Hy is the sum of 
both friction and shock losses, the shock loss Hy due 
to splitting or junction in either branch could then be 


obtained as follows: 
H,= Hy, - He, (6) 


where Hf is the friction loss, in in. water. Hf was 
calculated for each segment of intervening duct by 
the familiar Atkinson formula (1), using values of 
friction factor measured experimentally. 

The Hy obtained in Equation 6 represents the 
shock loss independent of duct length. To express 
the shock loss independent of quantity or velocity 
requires that the shock factor X for splitting or junc- 
tion be computed by Equation 1, using the velocity 


head corresponding to that branch. 


RES ULES 


Smoke Observations. 

Observations of smoke flow patterns at splitting 
and junction shed considerable light on the source 
and nature of pressure changes at these points. While 
photographic evidence could not be obtained because 
of insufficient light and color contrast, sketches 
(such as shown in Fig. 2) were made from visual 


observations. 


JUNCTION SPLITTING 


| 


oreo of oreas of 


turbulence turbulence 


FIG. 2 


Sketch of smoke flow patterns observed in experi- 


mental duct at splitting and junction. 


Turbulence, the source of shock loss, was evi- 
denced by a visible swirling and agitation of the 
smoke. It occurred due to separating or mixing of 
flows, deflection of flow, expansion or contraction of 
flows, and velocity changes or shifts in the velocity 
distribution over the cross section of the duct. Areas 
of major turbulence are indicated in Fig. 2. It is in- 
teresting to note that, quantitatively, the greatest tur- 
bulence occurred in splitting rather than junction. At 
junction, a zone of mixing prevailed for many feet 
downstream. Here, the higher-velocity stream sheared 
across the slower stream for a considerable distance 
before convergence was complete. 

The effect of the quantity ratio and deflection 
angle of each branch was pronounced. At splitting, 
turbulence visibly increased in either branch as the 
quantity ratio declined, and it increased in the de- 
flected branch as the deflection angle increased. At 
junction, the results were not so sharply defined. 
With a decrease in quantity ratio, turbulence decreas- 
ed in the deflected branch and also in the straight 
branch (except with a 90-deg fitting). The turbulence 
increased in both branches as the deflection angle 
increased. 

No evidence was obtained of the existence of a 
suction trough at junction, a condition presumed to 
exist because of pressure gains obtained during sub- 
sequent portions of the investigation. 


Pressure Gradients 

A typical pressure gradient plotted from experi- 
mental duct is shown in Fig. 3. Breaks in the uniform 
slope of the gradients occurred at splitting and junc- 
tion, reflecting shock losses or gains which took 
place due to divergence or convergence. At splitting, 
the change in the total pressure gradient due to shock 
was a loss in both branches. Conversion of velocity 
pressure to static pressure occurred as the quantity 
in the main duct split into the two branches. The 
gradients continued at a uniform but different slope 
in each branch to the point of junction. Here, the sharp 
pressure change due to shock was an increase in both 
branches, accompanied by conversion of static to 
velocity pressure. However, in other tests, shock pro- 
duced a drop in the deflected branch, especially at 
high quantity ratios, and a drop in the straight duct 
with a 90-deg fitting. 

The shock gain in the deflected branch occurs 
consistently regardless of quantity ratio, if the loss 
due to bendis discounted. The only explanation for 
this effect is one offered by Alden (4), who compares 
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it to the action of an aspirator. A similar principle is 
is utilized in the injector or bazooka, a common de- 
vice employed in mines for auxiliary ventilation, in 
which a high-velocity stream of air entraps ambient 
air by creating a suction. However, a suction trough 
at junction prevailed consistently in the straight 
branch, except at 90 deg convergence, and the aspir- 
ator effect would not exist in that branch except at 
low quantity ratios. Evidently some other phenomenon 
is involved, but no further explanation was forthcoming 
during the investigation. 
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FIG. 3 Plot of typical pressure gradients for experimental 
duct, showing losses in splitting and gains at 


junction. 


It was interesting to note that, within the limits 
of experimental error, the static pressure gradients for 
both branches reached a common point just prior to 
convergence. This may be seen in Fig. 3 at the point 
of junction. In agreement with Weeks’ premise (2), the 
pressure drop, including shock effects, between split 
and junction was the same across either branch. 


Pressure Differences at Splits and Junctions 

While pressure gradients portray the changes in 
pressure which occur in airflow, they do not afford a 
ready means of making comparisons of the factors 
responsible for these gains and losses. This is be- 
cause quantity variations between tests also affect 
the shock losses. Shock factors offer a much more 
significant measure of pressure changes due to shock, 
and in Figs. 4 and 5, are plotted against quantity 
ratio Qb/Q for various angles of deflection at splitting 
and junction, as calculated by Equation 1. The end 
point of the curves, at Qb/Q= 1, was obtained for 
each branch with the other branch closed off. 

With length of duct and quantity of flow eliminat- 
ed as variables, the effects of deflection angle and 
quantity ratio are readily apparent, as summarized 
below: 

1. All curves are hyperbolic, approaching the or- 
dinate asymptotically and reaching 0 or a small finite 
value along the abscissa at a quantity ratio of 1. The 
curves resemble those reported by other investigators 
(5, 6) but differ in detail, because the area ratio of 
other studies was not 1 and because of differences in 
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duct shape and roughness. 


55 


$0 


| 
| 


A 


45 
a 
40 
—— Straight branch © 30* Deflection (other branch) 
2 & Deflection 
0 90° Defection 
\ Defected bronches) © 30° Defiection 
8 4 60° Deflection 
90° Deflection 


| 
9 02 03 04 05 06 O7 


Q,/Q, QUANTITY RATIO 
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FIG. 5 Effect of quantity ratio on shock factor (loss 


or gain) at junctions. 


2. In splitting, the shock factor is always a loss; 
whereas at junction, the shock factor may be either a 
loss or gain. This mirrors the changes shown by the 
pressure gradients, the gains being explainable in 
part by the aspirator effect (4). 

3. The shock factor, as a loss or gain, varies in- 
versely in magnitude with the quantity ratio in all 
cases. This further underscores an earlier observa- 
tion from the smoke studies that turbulence at low 
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quantity ratios increased at splitting but decreased at 
junction (except with the 90-deg fitting). 

4. In splitting, the shock loss factor of the 
straight branch is independent of deflection angle. 
In the deflected branch, however, it increases with 
the angle. 

5. At junction, the shock factor of the straight 
branch is greatly affected by the deflection angle of 
the other branch. It is a gain at 30 and 60 deg but 
becomes a loss at 90 deg. In the deflected branch, 
values of the shock factor are transitional between 
gain at low quantity ratio and loss at high quantity 
ratio. The shock factor increases with deflection 
angle. 


Shock Factor Equations 

To permit the pressure changes and shock factors 
at splitting and junction to be evaluated on a rational 
basis, the data of Figs. 4 and 5 were replotted as 
Figs. 6 and 7 exclusive of losses due to bend. The 
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Empirical values of shock factor (loss or gain) 
at junction, exclusive of losses due to bend, 
and theoretical shock loss factor due to abrupt 


contractions. 


shock loss factor due to bend X} was first calculated 
by the following formula for a sharp-cornered bend 


from McElroy (1): 


0.600 \2 
(7) 


where « is deflection angle, in deg, ris radius ratio= 

radius/width, and ais aspect ratio = height/width. For 
the test duct, r= 0.5 and a= 1.48. The following values 
of X} were obtained for corresponding values of « : 


Xp 
ae 0 
30° 0.11 
60° 0.44. 
90° 0.99 


Then the net shock factor due to splitting or junction, 
exclusive of bend effects, was obtained by subtract- 
ing Xp from the shock factors of Figs. 4 and 5. 

Curves for the straight branch ( « = 0) are unchang- 
ed, since Xp = 0. However, the families of curves for 
the deflected branch reduce to single curves for both 
splitting and junction. This is very significant, be- 
cause it indicates that the theory advanced earlier is 
valid, and that the relation between shock factor and 
quantity ratio can be defined mathematically for divid- 
ed flow in either duct. This anticipates that the family 
of curves for the straight branch at junction can be ex- 
plained rationally. 

An explanation is also apparent now for the end 
points of the curves of Figs. 4 and 5 (at Qp/Q= 1). 
The only shock loss involved at splitting or junction 
when the entire flow is diverted through a single 
branch is the loss due to bend, if any. For the straight 
branch, this loss is 0. In the deflected branches, the 
experimental values of the shock factor at Qh/Q= 1 
agree well with the theoretical values of Xp calculated 
above. 

Empirical equations were developed to fit the 
curves of Figs. 6 and7 and were compared with the 
following theoretical formulas for shock loss factors 
due to abrupt expansion and contraction (1): 


2 


where c is coefficient of contraction (read from graph, 
p 65, Ref. 1). In a form similar to that of Equation 2 
to 5, the following results were obtained: 


splitting Q 2 
straight branch: Xgg70.5 Xe70.5| -1 


Qb 
(10) 
deflected branch: Xsd= 201 t Net Ab= 


b 
OF 


(11) 
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junction 
straight branch: Xjs73.3 (tan -0.67) Xc 


=3.3 (tan - 0.67) & G2) (12) 


where « is the deflection angle of the 


deflected branch. 


5 


deflected branch: Xjd = -0.5 eee + Xp 


2.5 
= -0.5 (3. - ) +Xp. 


In each case, Xp is calculated by Equation 7. (Note, 
however, that the curves of Figs. 6 and 7 are plotted 
exclusive of losses due to bend.) The agreement of 
these formulas with the experimental results is ex- 
cellent, the only deviation occurring in the deflected 
branch at splitting as the quantity ratio approaches 1. 
At Qp/Q =1, Equation 11 gives results 0.25 too high, 
the error being negligible at quantity ratios less than 
0.9. 

A comparison of Equations 10 to 13 with 2 to 5 
reveals some interesting points of difference: 


(13) 


1. Losses at splitting and junction resemble 
gradual area changes more than abrupt ones. This was 
anticipated, since the cross section occupied by the 
airstream changes unsymmetrically and gradually. 
There is considerable deviation from the form of the 
theoretical equations in Equations 1] and 13 parti- 
cularly, and the coefficients of Equations 10 and 12 
are less than unity (except in Equation 12 for « 90%). 

2. For comparison purposes, theoretical shock 
factors due to expansion and contraction (calculated 
by Equations 8 and 9) are also plotted in Figs. 6 and 
7. Note that shock factors for the straight branch are 
simple functions of the factors for expansion or con- 


traction, but that those for the deflected branch are not. 


3. Equation 10 demonstrates that the shock loss 
factor due to splitting in the straight branch is just 
half that due to abrupt expansion. Gilman (3) proposed 
a constant of 0.35. 

4. Equation 1] reduces to a rather simple quad- 
ratic but demonstrates that the shock loss factor due 
to splitting in the deflected branch is not a direct 
function of the factor due to abrupt expansion. The 
equation is not valid for the special case in which 
« = 0 (a straight branch). 

5. Equation 12 demonstrates that the shock fact- 
or (loss or gain) due to junction in the straight branch 
is a direct function of the factor due to abrupt con- 
traction but also involves the deflection angle of the 
deflected branch. Both the test and equation indicate 
that at « = 67.5 deg, the shock factor is 0; 1.e., the 
factor is a loss for angles over 67.5 deg and a gain 
for angles less than 67.5 deg. 

6. Equation 13 demonstrates that the shock fact- 
or (loss or gain) due to junction in the deflected 
branch is a function not of the shock loss factor due 
to abrupt contraction but of the factor due to abrupt 
expansion. The relation is negative and an exponential 


168 


one. Xjq becomes a gain when Xb exceeds the first 
term of the equation; this occurs at quantity ratios ex- 
ceeding 0.43 for a 90-deg, 0.52 for a 60-deg, and 0.65 
for a 30-deg duct. 

The development of these empirical equations 
served to emphasize again that the crucial variable 
in pressure changes due to divided flow is quantity 
ratio, not deflection angle (except for the straight 
branch at junction). While the relations were more 
complicated in most cases than the theory could pre- 
dict, and they were often not simple functions of the 
shock factors due to area change, a rational basis 
has been developed for the understanding and analy- 
sis of these pressure changes. 


PRACTICAL INTERPRETATION OF RESULTS 


The mining engineer, in analyzing an existing 
ventilation system or designing a new one, will be 
aided considerably in circuit layout and in the compu- 
tation of pressure drops by the findings reported here. 

In computing pressure drops, a preferred techni- 
que in handling shock losses is to employ equivalent 


lengths. Each source of shock is expressed as the 
equivalent length of straight duct or airway and in- 
cluded in the friction loss calculation as a length in- 
crement. This can be done readily in the case of 
divided flow, converting the shock factors read from 
Figs. 4 and 5 or calculated by Equations 10 to 13 to 
equivalent lengths by the formula developed by 
McElroy (1): 

(3240)_(10)"*° yx 

K (14) 


where L is equivalent length, in ft, y is hydraulic 
radius = area/perimeter, in ft., and K is friction factor, 
from the Atkinson equation. 

Using typical values for mine airways of y = 2 and 


K=100x 10719, 
L= 64.8X 


this reduces to: 


(15) 


Equation 15 was employed to convert the shock 
factors calculated by Equations 10 to 13 to equivalent 
lengths, and they are plotted against quantity ratio in 
Figs. 8 and 9 for straight and deflected branches at 
splitting and junction. Values of L which are plus are 
additive and minus are subtractive in determining the 
total effective length to use in the friction loss equa- 
tion. For much deviation in y or K from those assumed, 
values of L read from Figs. 8 and 9 can be modified 
using Equation 14. 

Since the air quantity in each branch is usually 
known, calculation of the pressure drop across a split 
or parallel circuit can thus be made directly. Employ- 
ing the equivalent length technique automatically pro- 
vides the pressure drop across each branch of the cir- 
cuit. Regulators are then assigned to the low resist- 
ance branches in the usual manner to balance the 
pressure drops. 

A study of Figs. 4 and 5 or 8 and 9 is beneficial 
in reducing shock lossesin divided flow to a minimum 


when designing new circuits: 
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loss or gain due to junction at varying quantity 


ratio and deflection angle. 


1. Shock losses are greatest at high or low values 
of quantity ratio. This is most apparent from consider- 
ation of Equation 1, because the velocity head and 
shock factor each reaches a maximum when the other 
is at a minimum. Therefore, it is desirable to main- 
tain nearly balanced flow between the branches in 
parallel flow. Unbalanced flow is less detrimental 
when the deflection angle of the branches is low. 

2. Shock losses are reduced by providing a small 
deflection angle between branches. At junction, the 
losses become gains when the deflection angle is low. 
Right-angled bends are particularly undesirable in 
divided flow. 

3. In driving underground openings which serve 
as major airways, attention should be given to the 
intersection points of all openings where divided flow 


exists. A rounded bend is preferable to a sharp bend, 
a gradual area change to an abrupt one. 


CONCLUSIONS 


A laboratory investigation of the pressure changes 
at splits and junctions in a mine airway model of a 
parallel circuit established the following: 

1. Turbulence, the cause of shock loss in fluid 
flow, was more prevalent at splitting than at junction 
and was related to flow separation or mixing, deflec- 
tion, expansion or contraction, and velocity change. 

2. At splitting, a pressure decrease was always 
observed in both branches; i.e., the shock factor was 
a loss. 

3. At junction, either a pressure decrease or an 
increase occurred, depending upon the quantity ratio 
and deflection angle. The shock factor was a gain in 
the deflected branch at low quantity ratios, regard- 
less of the deflection angle; and a gain in the straight 
branch at deflection angles less than 67.5 deg, regard- 
less of quantity ratio. The phenomenon of shock gain 
in convergence is explained in part by the existence 
of a suction trough in one branch, created by the 
aspirator effect of a high-velocity airstream in the 
other branch. 

4. The static pressures in both branches became 
equal just prior to convergence. 

5. The drop in total pressure across both branches 
of the circuit, including shock loss or gain as well as 
friction loss, was equal. 

6. The rational explanation offered for the com- 
position of these pressure changes was confirmed. 
Splitting was comprised of expansion and deflection, 
and junction, of contraction and deflection (deflection 
was absent in the straight branch. 

7. Empirical equations developed to permit the 
calculation of shock factors generally were in agree- 
ment with those predicted by theory. Although findings 
were based on a model duct having a constant area, 
they should hold reasonably well for branch and main 
airways having an area ratio somewhat less than one. 
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CONTINUOUS AND AUTOMATIC 
MEASUREMENT OF MOISTURE IN COAL 
BY CAPACITANCE 


Before discussing the application of capacitance 
for the measurement of moisture content in a moving 
stream of coal it might be well to first give a brief 
description of the process and then show how it can 
be applied to the coal industry. 

A capacitor may be described as a device having 
two conductors separated by an insulator, the con- 
ductors hereafter being designated as a test cell or 
test plates and the insulator as the dielectric. Capa- 
citance, therefore, is a measure of the ability of a 
capacitor to store an electrical charge. Two basic 
factors that affect capacitance are the dimensions of 
the capacitor and the dielectric constant of the in- 
sulator. Capacitor dimensions which affect its capa- 
city are the area A of the conductive surface, and the 
distance d between plates. Capacitance is inversely 
proportional to the distance between plates and 
directly proportional to area A, so if capacitance is 
indicated as C and the dielectric constant as K the 
equation for capacitance would be C = AK/d. The 
dielectric constant can be described as the ratio of 
the actual capacitance of any given material to that 
of a vacuum, which is unity. In industrial applica- 
tions the area of the plates remains constant as also 
does the distance between them, leaving the dielec- 
tric constant as the only variable to affect the capa- 
citance measurement. 

Figure 1 is a schematic diagram of an r-f excited 
capacitance bridge in which a test cell is part of the 
circuit. This bridge consists of four capacitors in two 
pairs connected across an a-c voltage source. In one 
side of the circuit the two capacitors are fixed but in 
the other side they are variable, one being the rebal- 
ance capacitor operated by the servo motor and the 
other the test plates between which the dielectric 
passes. Capacity of the plates is a function of the 
dielectric constant of the material between them and 
is measured at radio frequency. Within the recording 
instrument is an r-f oscillator and a 60 cps modulator. 
The radio frequency signal is generated by the oscill- 
ator, modulated by a 60 cps wave, and sent to the 
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Capacitance bridge circuit. 


bridge. Therefore the signal entering the capacitive 
bridge is a radio frequency carrier with a 60 cycle 
envelope. If the bridge is in balance as the signal 
enters there would be no voltage drop and so no out- 
put by the detector. As long as the dielectric constant 
remains the same the bridge will stay in balance. 
However, any change in the dielectric constant, which 
in this case would be a change in moisture content, 
would affect the bridge. Higher moisture increases the 
capacity of the test cell which causes less voltage to 
develop across it causing imbalance of the bridge. 
This in turn causes a radio frequency signal to appear 
at the detector. Output from the detector is a 60 cycle 
ripple which is in proportion to the imbalance of the 
circuit. A 60 cycle amplifier boosts the detector sig- 
nal to enough power to drive the servo motor which 
positions the recording pen and also rotates the vari- 
able capacitor, to which it is mechanically connected, 
to bring the bridge back in balance. An increase in 
moisture causes the servo motor torotate in one direction, 
but a decrease causes imbalance in the opposite direc- 
tion, and thus rotates the motor in that direction. This 
brings the bridge back in balance and stops the motor. 
The bridge shown in Figure 1 has been modified 
so as to provide a wide range of adjustments. Coarse 
and fine span adjustments located in the recording in- 
strument are set to govern the amount of pen movement 
for a given change in capacitance. A measuring head 
unit contains coarse and fine zero adjustments for 


setting the recording pen at the desired capacitance 
value on the chart. It also has two plug-in components, 
one to establish the basic span in the recording in- 
strument, and the other to simulate the impedance 
characteristics of the length of coaxial cable required 
to connect the measuring head to the recording instru- 
ment. A thermistor element for temperature compensa- 
tion is also included for cases where temperature 
change affects the dielectric constant. 

Although the capacitance method of measuring 
and recording moisture content of free flowing solids 
has been in use in some other industries for some 
time it has only recently been applied to the coal in- 
dustry. Several years ago the Mechanical and Elec- 
tronic Products Division of Quaker Oats Company at 
Akron, Ohio, developed and patented what is called 
the Rogers Moisture Controller. It was developed 
primarily as a means of continuously measuring, re- 
cording, and controlling the moisture content of var- 
ious kinds of food products in the solids form. Two 
types of test cells were developed and used as capa- 
citors. Tests were made on several of their products 
and the moisture measurements recorded by the system 
were found to be quite accurate. It was also found that 
automatic dryer control could also be successfully in- 
tegrated into the system. Although very successful in 
the food industry there was no attempt made to adapt 
such a system to the coal industry until Bituminous 
Coal Research started an investigation in September 
of 1957. A study of the process led to the decision 
that the chances for successful application in coal 
preparation plants looked promising enough to warrant 
further investigation. A research project was then 
approved and with the cooperation of the Quaker Oats 
Company, work on the project was started the follow- 
ing February in the BCR Columbus laboratory. Arrange- 
ment of the equipment is shown in Figure 2. To the 
left can be seen the test cell, above which are two 
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Laboratory apparatus. 


small hoppers, the larger one being a surge hopper 
with bypass chute, the smallerone a feed hopper con- 
nected directly to the cell. A vibrating trough feeder 
controlled by a rheostat was used to convey coal from 
the surge hopper to the feed hopper. Below the test 


cell is a rheostat controlled vibratory feeder used to 
provide uniform flow of coal down through the cell. 
On the left side of the bench board is the measuring 
head, one side connected by a short coaxial cable to 
the test cell, the other side connected by coaxial 
cable to the capacity recorder on the right side of the 
board. Between the measuring head and the recorder 
is the rheostat control for the lower vibratory feeder. 
In the background are two flight conveyors for recir- 
culating the coal being passed through the test cell. 
Facilities for either wetting or drying the circulating 
coal were provided but are not shown in the picture. 

After a few months of research and development 
work the equipment was taken from the laboratory to 
a large preparation plant where field tests could be 
made. In that plant the 1/4 inch x 0 inch washed coal 
was being thermally dried, with larger sizes of wash- 
ed coal added before loading, if desired. It was found 
that the measuring cell used in the laboratory could 
not be used without making some major changes in 
the plant conveyor system, so a new type of capaci- 
tance measuring device was developed by BCR and put 
into operation. This device consists of an electrode 
plate supported by two insulated arms which hold it 
rigidly down into the stream of moving coal. It can be 
used on belt conveyors, apron or belt loading booms, 
or possibly in certain types of loading or transfer 
chutes. Since it requires two plates to make a capa- 
citor the second one to be located a certain distance 
from and parallel to the first one, the second one, 
commonly called the ground plate, may be the bottom 
of a chute, the carrying strand of the apron conveyor, 
or a separate plate mounted just below the belt when 
a belt conveyor is being used. 

The complete moisture measuring and recording 
system used in the field tests consisted of the BCR 
electrode or capacitor plate, the measuring head, 
coaxial cables, and the capacity recorder. The measur- 
ing head was located near the capacitor and connect- 
ed to it by a short piece of coaxial cable. The capa- 
city recorder was placed in the main plant control 
room and connected to the measuring head by a coaxial 
cable 250 feet long. The capacitor was first mounted 
on an apron type slack loading boom but later trans- 
ferred to a belt conveyor. One of the troughing idlers 
on the belt conveyor served as the ground plate for 
the capacitor. The upper capacitor plate was so mount- 
ed that it would be submerged in the coal on the belt 
under normal plant operating conditions. Figure 3 
shows a typical chart made during an eight hour period 
while field tests were being conducted. Variations in 
moisture content and periods when there was no coal 
on the belt can be plainly seen. There were no auto- 
matic dryer controls included in the recording instru- 
ment so the thermal dryers had to be regulated to a 
certain extent by the operator. The dryers were nor- 
mally loaded to capacity so the operator regulated the 
raw coal feed to the cleaning plant according to the 
condition of the coal discharging from the dryers. A 
glance at the chart recording being made by the 


capacity recorder revealed the moisture condition of 
the coal at that particular moment and thus indicated 
whether or not the feed to the dryers was normal. Cali- 
bration of the chart was done by taking a number of 
samples of the dried coal at the loading point, mark- 
ing the position of the pen on the chart at the moment 
each sample was taken. The samples were then oven 
dried and moisture determination made. By repeating 
the sampling process several times data were secured 
for drawing a curve showing recording chart positions 
as ordinates and percent moisture as abscissae. 


FIG. 3. Typical chart 


recording. 


There are several ways in which the capacitance 
method of moisture measurement can be useful to the 
coal industry. In preparation plants it can be used to 
automatically measure and record the moisture content 
of certain sizes of coal. It provides a permanent record 
of the moisture readings of the product for a given per- 
iod of operation. It can be used to provide information 
strictly as an aid to quality control or it can be used 
to automatically measure, record, and automatically 
control the moisture content of the coal processed by 
the thermal dryers. It could also be used ahead of 
thermal dryers either for automatic dryer control or as 
a visual means of indicating abnormal as well as normal 


moisture conditions in the dryer feed. Installation ofa 
capacitor in the dried coal circuit at or near the load- 
ing point should eliminate a major portion of sampling 
for moisture. If a recorder equipped with a strip chart 
is used, the railroad car numbers could be noted on 
the chart at the time of loading, and the chart kept 
for future reference. 

Some of the outstanding features of the capaci- 
tance moisture measuring system are; lowin first cost, 
lowin maintenance cost, requires practically no super- 
vision except to change the recorder charts when 


necessary, provides instantaneous and continuous 


moisture readings, provides a permanent record for 
future reference, and csn be installed in many cases 
without making alterations to existing equipment. 

Exclusive rights to manufacture, sell, and ser- 
vice this equipment has been secured from the Quaker 
Oats Company by Engineering Management, Inc., 18 
South Northwest Highway, Park Ridge, Illinois. This 
company is prepared to answer inquiries from pro- 
ducers and consumers of coal, as well as from other 
industries where measurement and control of moisture 
in free flowing solids is an important factor. 
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ARE COAL-MINE EMPLOYEES AND DOLLARS 
PROTECTED FROM FIRE AS WELL AS OTHER 


INDUSTRIAL EMPLOYEES AND DOLLARS ? 


INTRODUCTION 


Employees and dollars are necessary to all enter- 
prises and any force, such as fire, which destroys 
either, can bring very serious consequences, includ- 
ing business failure. 

Since everyone acknowledges the necessity of 
conserving human life, we will devote most of our 
paper to the economic factors involved. 

A coal-mine fire is considerably more difficult to 
combat than a fire in a surface building because of 
the combustible surroundings in the mine, the explo- 
sive gases emitted from the coal, the suspension of 
explosive dust when mine timbers burn and the un- 
supported roof falls, the limited space in which ap- 
proach to the fire can be made, and the limited ave- 
nues of escape. 

A survey of coal-mine-fire protection indicated 
that a rather low value was being placed on property 
and equipment. This prompted comparison with other 
industries. The comments made in this comparison 
are not intended as an indictment of the coal industry, 
since we do have mines that are well protected 
against fire, but the comments on conditions at the 
mines visited are factual and may help others to im- 
prove similar conditions. 


SURV EY PROCEDURES 


Plants of the steel, aluminum, rubber, chemical, 
and petroleum industries were surveyed, and all facets 
of the fire-protection scheme were covered. 


R. W. STAHL 1s Mining Health and Safety En- 
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WATER FACILITIES 


The industrial plant invariably had four times as 
much water readily available for instant use than the 
mine. In many mines where water is available, no 
equipment for applying it is provided, such as hose, 
nozzles, and adapters, so that time is lost in collect- 


ing this equipment. (See Table I.) 


EXTINGUISHERS 


Many more and generally larger portable extin- 
guishers are available at the plant as compared to the 
mine. The extinguishers are generally placed nearer to 
sources of danger. In addition, respiratory protective 
equipment is always available at strategic points in 
plants but only in a few mines. (See Figs. ] and Table II) 


INSPECTING AND TESTING EQUIPMENT 


Plant water facilities are checked weekly and 
flushed at 6-month intervals, and hose is pressure- 
tested at least yearly; some mines check water yearly, 
but hose is not tested unless used. Fire extinguish- 
ers are inspected weekly in plants and completely 
overhauled yearly; one mine had monthly checks and 
overhauls only after use. 


FIRE BRIGADES AND TRAINING 


Every plant had designated fire-fighters and some 
complete full-time brigades; at one mine.a chief mech- 
anic was designated as being in charge of fires, and 
other depended entirely upon officials who might not 
be familiar with the equipment. 


COST OF FIRES AND PERCENTAGE OF 
CAPITAL INVESTMENT IN FIRE PROTECTION 


The direct cost of recent mine fires ranged from 
$128,000 to $240,000; indirect costs, such as lost 
tonnage, idled equipment, lost orders, and the like 


might run the cost to over $500,000. (See Figs. 2 and 3). 
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TABLE I. Water Facilities 
Location Coal mine Industrial plant 
Best Surface 150,000-gal. tanks 3,000,000-gal. reservoir 
equipped buildings 450-g. p. m. pump to tank 120,000-g. p. m. pumps river to reservoir 
6’’ line to fireplug near each building _—_54’’ and 48”’ plant line loop 
600’ - 2-1/2” fire hose and nozzles 12” line loop to hydrants near buildings 
available 400’ - 2-1/2’’ hose attached to each out 
let of 2 outlet hydrants - no less than 2 
hoses reach each point in plant area 
Face area 150,000-gal. tanks 2’’ standpipes throughout plant with 100’ - 
of mine 450-g. p. m. pump to tank 1-1/2’? hose and combination nozzles 
or opera- 6’’ line surface to mine attached at least every 100’ so that at 
tional 6’’ and 3”’ lines along haulageways with least 2 hoses will converge on | point. 
part of 2-1/2” outlets every 500’ Automatic sprinkler and chemical foam 
industrial 2’’ line room entries to within 600’ of — outlet systems when oil or flammable 
plant face - 1’’ pipe to face liquid operations performed 
Least Surface 12,000-gal. tank only 10,000,000-gal. reservoir 
equipped buildings _—2”’ line to 1 building 1,500-g. p. m. pump from river 
No hose - buckets available 10’’ plant line loop 
6’’ and4” lines to hydrants not more than 
700’ apart in plant area 
350’ - 2-1/2’ hose near each hydrant 
Face area. 6’’ borehole acts as well Same as above, except only 1 area equipped 
of mine 4’’ line along main entries in part of for dispensing chemical foam 
or opera- mine 
tional 2’? line room entries to within 600’ of 
part of face 
industrial 1/2’’ rubber hose to faces 
plant 
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TABLE II. Comparison of Fire-Fighting Equipment at an Average 
Plant with that at an Above Average Coal Mine. 
Mine Plant 


200,000-gal. tank 1. 11,756 g. p. m. water, 
3,000 g. p. m. (pumps) unlimited supply 
10 miles 6”’ and 8”’ pipeline 2. 15 miles 10” pipeline 
82 - 2’? outlets; no adapters 3. 160 - 2 outlet hydrants 
1, 500’ - 2-1/2” hose 4. 8.4 miles - 2-1/2”’ hose 
850’ - 1-1/2’’ hose 5. 4.75 miles - 1-1/2” hose 
1 - 2,100-gal. tank car with 6. 2-1,500-g. p. m. fire 
600’ hose and 100-g. p. m. trucks (complete city type) 
2 - 900-gal. tank car with 
250’ hose and 100-g. p. m. 
10 nozzles 7. 299 fire-hose nozzles 
150 portable fire 8. 1,352 portable fire 
extinguishers extinguishers 
9. 79 miles Foamite piping from 
tanks with outlets conven- 
ient to all operations 
10. 427,000 gal. Foamite solution 
11. 86 tons Foamite powder in 
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CAPITAL INVESTMENT IN FIRE PROTECTION 


FIG. 3 


Capital investment in fire protection. 


SUMMARY 


1. Does it not seem peculiar that a $50,000 office 
building where 5 or 6 persons work an 8-hour day 
should be protected by an automatic sprinkler system, 
8 to 10 medium-size fire extinguishers, as much as 
500 g.p.m. of water, and unlimited escape routes, 
whereas 8 to 10 persons may be operating $250,000 
worth of mine equipment miles from the surface with 
only 2 or 3 extinguishers, 5 to 15 g.p.m. of water 
ready for immediate use, and possibly an hour required 
for escape? 

2. Every plant had respiratory protective equip- 
ment at strategic points; only a few mines had self- 
rescuers, and they were not available to all persons 
in the area. 

3. Each plant had designated fire fighters; one 
mine had a fire fighter on each shift, and others de- 
pended on officials. 

4. The following defects noted in mines were 
not found in plants. 

(a) A 3-inch main waterline connected to a 2-inch 
service line by a 50-foot length of 3/4-inch 
hose. 

Fifteen hundred feet of l-inch pipe from a 6- 
inch waterline to a section where 15 persons 
and $300,000 worth of equipment were 
employed. 


Fire hose (in cases) at accessible points, but 


(b 


no nozzles. 
Two-inch outlets along waterlines, but 2-1/2- 
inch fire hose with no adapters available. 


(e) Fire extinguishers with clogged hose and tips, 
caked chemical, and discharged pressure cart- 
ridges; some lacked any fire-fighting ingredient. 

(f) Fire outlets with broken valves, missing valve- 
operating mechanism, and battered threads. 

(g) Fire cars in sidetracks blocked by derailed 
cars and discarded equipment. 

(h) Fire hose that had never been tested, even 
though several years old. 

5. Apparently, the danger to employees and to 

equipment dollars has been undervalued at some mines 
compared with other industries. 


COMMEN TS 


It would appear to be economical, as well as 
humanitarian, to take a good look at your own mine and 
see how many defects listed are present. 

If mine management wishes to approach the degree 
of fire protection afforded in most other industrial 
plants, the following measures would not be unreason- 
able and perhaps even quite economical. 

1. At least one 20- or 30-pound dry-chemical (or 
equivalent) extinguisher and enough self-rescuers for 
the regular crew plus two or three spares for visitors 
or occasional workers; these should be placed on a 
wheeled cart in the last crosscut or within 100 feet of 
the face. 

2. Enough 1-1/2- or 2-inch hose connected to the 
section waterline (independent of the spray hose) to 
reach the most remote face in any mechanized section. 
Or, if more desirable, the hose need not be connected 
but be available nearby, with a connection of proper 
size, so that no time is lost in coupling the hose to 
the main-section waterline. 

3. Training in the use of fire extinguishers, self- 
rescuers, and water facilities for each man in every 
section of mine at least quarterly. 

4. Assurance that each foreman and at lease one 
other man on each crew are familiar with the air-circu- 
lation pattern and possible excape routes in case of 
fire. 

5. At least quarterly inspection of water facilities 
and fire extinguishers to assure that these will function 
when needed. 

6. Pressure tests of all hose, at least yearly. 

Although Federal and State laws require only a bare 
minimum of fire protection in many instances, self-in- 
surance in the form of useful equipment would seem wise. 
Anyone experienced in fire fighting would certainly not 
dispute the fact that a fire should be hit the “‘fastest 
with the mostest.”’ 
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BASIC STUDY OF INTERNAL VERTICAL STRESS 
DISTRIBUTION IN CONFINED BULK SOLIDS. 


Billions of tons of bulk solid materials are pro- 
cessed through our industrial plants each year, and 
the tonnage is steadily rising. It has been estimated 
that for every dollar spent in industry as a whole, 
approximately 30 cents is consumed in the handling 
of bulk solid materials. It is in this category that 
tremendous savings are possible through the use of 
improved techniques. 

Since World War II, the mining, steel, chemical, 
and grain industries, among others have made use of 
increased materials-handling automation in order to 
gain some of these savings. However, in a chain of 
automatic operations, every link must be completely 
reliable, for if there is a single failure, the whole 
system immediately becomes ineffective. Only too 
often the weak link in the chain proves to be the flow 
of bulk solids from bins. 

To contribute to the fundamental knowledge in 
this area, a research study has been continuing at 
The Ohio State University. The principal objective of 
the investigation has been to study the internal stress- 
es existing in confined bulk solids. 


LITERATURE SURVEY 


Literature studies have revealed that many out- 
standing people have made contributions to the field 
of bulk solids. For instance, C.F. Jenkin,! suggested: 

a. The pressure on a bin wall is not directly pro- 

portional to the depth beneath the surface of 


W. J. VERNER 1s Former Graduate Student, and 
J. R. LUCAS ts In Charge, Mining Engineering Div., 
The Ohio State University, Columbus, Ohio. TP 59F 218. 
Manuscript, Sept. 11, 1958. AIME Trans., Vol. 217, 
1960. AIME-ASME Joint Solid Fuels Conference, Old 
Point Comfort, Va., October 1958. 
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material in the bin. 
b. The vertical pressure distribution on the base 
of a bin is not actually uniform but is a variable. 
c. Arches form in bins as a result of very small 
deformations of the material in the bin. This 
deformation causes a series of gaps to appear, 
and consequently causes the disappearance of 
diagonal forces that cannot act across these 
gaps. The removal of the diagonal forces caus- 
es horizontal forces to be introduced which 
seem to be the chief cause of arching. 
lal, The Janssen,4 in 1895 in connection with his 
experiments on bins, derived a differential equation to 
describe both the lateral and vertical pressure in bins 
with vertical sides. This represents a significant con- 
tribution to bulk solid theory, and thus its solution is 
reproduced as follows: 
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where L is the lateral pressure of the bulk solid in 
psf., V is the vertical pressure of the bulk solid in 
psf., K is the ratio of the lateral pressure to the verti- 
cal pressure at any point, R is the hydraulic radius of 
the bin in feet, W is the density of the bulk solid in 
lbs. per cubic feet, U’ is the coefficient of friction 
between the stored material and the bin wall, and Y 
is the head of material above the point in question in 
feet. 

In 1903, Jamieson,® in an elaborate series of ex- 
periments on full sized bins measured vertical and 
lateral pressures by hydraulic diaphragms. He deter- 
mined many values for mediums of corn, wheat, peas, 
and flaxseed. 

In 1951, Caughey, Tooles, and Scheer® measured 
both lateral and vertical pressure in deep bins by using 
strain guages on steel bands. Values were calculated 
for cement, gravel, sand, soy beans, shelled corn 


and wheat. 

A. W. Jenike? maintains that internal pressure in 
confined bulk solids originates from three sources: 
weight of bulk material, impact of falling particles 
and vibration. He also maintains that the vertical pres- 
sure increases linearly with the head of the material 
until the hopper is reached, at which point it falls off 
to zero. 

Other contributions to the literature on the subject 
have been made by Roberts, Prante, Toltz, Airy, 
Ketchum, Bovey, Lufft, Pleissner, Rudd, Runo, Smith, 
Garvey and Cooper among others. 


LABORATORY EQUIPMENT AND BIN MEDIUM 


The laboratory equipment consisted of a 2’ high 
12”’ diameter steel bin, a bin base of six concentric 
rings, a screw type jack, with five interchangeable 


heads to support the various concentric ring combina- 


tions, and various weighting arrangements. The e quip- 
ment is seen in place in Figure 1 while the concentric FIG. 2. Concentric rings. 
rings and screw jack are shown in Figures 2 and 3. 


FIG. 3. Screw jack with five interchangeable heads. 


FIG. 1 Bin and related equipment. 


The bulk solid material used in the tests was a 
high quality flint-shot silica sand characterized by 
its rounded grains and small size range. The screen 
analysis of this sand is as follows: 


Mesh Size (U.S.) Per Cent Retained 
20 -- 
30 30 
40 65 
50 
100 


The sand, whose density is 97 pounds per cubic 
foot, was chosen because it approaches the optimum 
conditions of uniform size and shape. A photomicro- : 


i 1 1 ; hotomi raph of flint shot silica sand- 
graph of the sand is shown in Figure 4. FIG. 4 A h of flint sh 
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THE SUSPENDED CONCENTRIC RING TECHNIQUE 


The primary objective of the study was to evaluate 
the internal vertical stress function on any horizontal 
cross-sectional area of a full non-flowing bin. Because 
no satisfactory method has been developed for meas- 
uring such internal stresses, many ideas and techni- 
ques had to be tried before a satisfactory one resulted. 
Finally an original technique was developed in our 
laboratory and was functionally called ‘““The Suspend- 
ed Concentric Ring Technique.” 

The technique consists of utilizing concentric 
rings on a circular ring base to measure the load on 
the individual ring areas as the head of the material 
is incrementally increased. This permits stress meas- 
urement as a function of differential areas (A=277RAR) 
and differential heads. 


Yo II 
i =0 


The rings can be used separately, or in conjunction 
with one or more of their neighbors. The weight of the 
media on the live rings is transferred to a scale 
through an extendable column. 

In our experiments, six suspended concentric 
rings were used: 


Inside Diameter Outside Diameter 


Ring Number inches inches 
1 0 0 
2 4 
3 4 6 
4 6 8 
5 8 10 
6 10 iby? 


Each test was begun by rigidly supporting the bin 
and rings No. 2, 3, 4, 5, and 6. Ring No. 1, a live ring, 
was supported by the screw jack, resting on a scale. 
The bin was filled by equal incremental amounts, and 
the scale read after each increment. The bin was then 
emptied and again filled by increments, this time using 
Rings No. 1 and No. 2 in conjunction with each other 
and reading the scale. By substracting the weight 
supported on Ring No. | from the weight supported on 
Ring No. 1 and No. 2, the weight supported by Ring 
No. 2 is calculated. In this way, the individual loads 
on all six rings, under various heads were determined. 
The individual ring area pressures determined in this 
way are foundin Table I for Test No. 2-1 and Table II 
for Test No. 2-2. 

An important assumption is necessary before the 
experimental data obtained in this technique is useful. 
It is that the calculated suspended concentric ring 
pressures under various heads are equal to the inter- 
nal vertical pressures that exist at corresponding 
depths below the surface of a full, non-flowing bin. 

By means of this assumption it is possible to calculate 
the internal vertical pressure distribution on each of 
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the six rings. Plots showing this distribution may be 
seen in Figure 5. The curves show close agreement 
in the results of two tests run under almost identical 
conditions. It can be seen that the internal vertical 
stress increases with depth, or head of material, on 


all ring areas, but not linearly. 
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VERTICAL PRESSURE IN PSI 


FIG. 5 


Vertical pressure distribution on each ring 


in a full, non-flowing bin. 


The next step in the utilization of the data is 
plotting the vertical pressure distribution of succes- 
sive levels in the bin. These curves are shown on 
Figure 6, and it is apparent that the two tests are 
again in close agreement. The stress function curves 
are all similar in shape with the maximum stress in 
the center, decreasing rapidly to the minimum stress 
in the intermediate position, and again rising to a 
high area near the bin wall. It is highly probably that 
these plots show the true picture of vertical pressure 
distribution within a full, nonflowing bin, since simi- 
lar results have been obtained when using unsized 
mortar sand, glass spheres, and moist sand as bin 
media, 


METHOD OF DETERMINING CHARACTERISTICS OF 
VARIOUS BULK SOLID-BIN COMBINATIONS 


The contributions of H. A. Janssen,4 published 
in 1895, was previously discussed as having been 
significant in the evaluation of pressures developed 
by bulk solids in bins. From the sketch shown in 
Figure 7, Janssen derived the following differential 
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TABER 


INTERNAL VERTICAL PRESSURE IN A FULL BIN VS. HEIGHT 


OF MATERIAL ABOVE BASE-TEST NO. 2-1 


Inches Internal Vertical Pressure in PSI 

Above 

Base Ring #1 Ring #2 Ring #3 Ring #4 Ring #5 Ring #6 
0 Peo 1.30 0.83 0.88 0.37 0.61 
hates: 2.63 0.98 0.85 0.83 0.32 0.56 
4,28 2.39 1.09 0.68 0.74 0.31 0.51 
Gai 1.91 1.04 0.65 0.63 0.28 0.48 
9.18 1.83 0.77 0.67 0.57 0.19 0.48 
11.63 1.04 0.66 0.70 0.48 OU 0.43 
14.08 1.04 0.61 0.49 0.38 0.15 0.38 
16.53 OTe: 0.50 0.35 0.31 0.15 0.33 
18.98 0.40 0.24 0.19 0.28 

21.43 0.16 0.13 0.13 0.14 0.08 0.17 
23.88 0 0 0 0 0 0 

TABLE II 


INTERNAL VERTICAL PRESSURE IN A FULL BIN VS. HEIGHT 


OF MATERIAL ABOVE BASE-TESE NO: 2-2 


Inches Internal Vertical Pressure in PSI 
Above 
Base Ring #1 Ring #2 Ring #3 Ring #4 Ring #5 Ring #6 
0 les 1.08 0.35 
3.67 2.07 1.19 0.90 0.69 0.28 ORS 
5.90 1.83 0.84 0.59 O22 0.53 
7.34 0.59 0.17 0.51 
9.18 1.99 0.85 One. 0.50 0.53 
11.01 We Ms 0.82 0.56 0.50 0.14 0.45 
12.85 ao 0.66 0.56 0.40 0.13 0.43 
14.69 0.61 0.48 0.33 (0) 0.40 
16.53 hdl 0.45 0.38 0.26 0.18 0.30 
18.37 0.80 0.35 0.29 0.24. 0.16 0.26 
DAV EA 0.56 0.19 0.17 0.19 0.13 0.20 
22.04 0.16 0.08 QM 0.09 0.10 0.10 
23.88 0 0 0 0 0 0 
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FIG. 6 Vertical pressure distribution at successive 


levels in a full, nonflowing bin. 
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FIG. 7 Section through a full, nonflowing bin. 


equation: 

W-U’KV; KV; 
where Vj is the vertical stress at elevation j in psf., 


and dVj; is the differential of the vertical stress of 
elevation j in psf. 


dY Il] 


The solution of the differential equation is given as 
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(See under literature survey for explanation of symbols 
used.) This relation makes possible the calculation of 
the average vertical pressure V on any cross-sectional 
area, and the corresponding lateral pressure on the bin 
walls with vertical sides. 

Of special importance in this equation are the em- 
pirical constants ‘“*U’K,’? which are unique in value for 
each bulk solid-bin combination. In fact the values of 
“U’K’’ vary for a particular application because they 
are a function of pressure, which varies as the head 
above a cross-sectional area. 

Because of the versatility of the incremental data 
obtained through the use of the ‘‘Suspended Concentric 
Ring’’ technique, it is now possible to calculate the 
‘“‘U’K’? values for any bulk solid-bin combination. Cal- 
culation is possible on an incremental basis as well 
as a full bin basis. 

For any sufficiently small increment: 

Vj; walls 
(U’K); = ———— IV 
V; base 
where Vj walls is the vertical stress on the bin wall 
in increment i and Vj base is the average vertical 
stress on the horizontal cross-sectional area. The 
average ‘‘U’K”’ value for the whole bin is the average 


of all the incremental values or 
i=n 


Therefore, this is a convenient and reliable method 
for evaluating, by the use of a small laboratory model, 
the ‘‘U’K’’ values for any bulk-solid-bin combination. 


24 
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VERTICAL PRESSURE IN PSI (V) 


FIG. 8 Average vertical pressure on horizontal cross- 
section vs height above base. 
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TABLE Ill 


DETERMINATION OF (U’K) IN 
TESTS NO. 2-1 AND 2-2 


TABLE IV 


COMPARISON OF AVERAGE 
VERTICAL PRESSURES 


Depth (Y) Vi base Vj wall (U’K), TESTS NO. 2-1 AND 2-2 
(ft.) (psi) (psi) ; 
TeceNG 4 Depth (Y) V; base (psi) Vi base (psi) 
(Ets) (Janssen Equation) (Experimental) 
0 0 0 = 
0.15 0.133 0.005 0.038 Test No. 2-1 
0.36 0.232 0.046 0.199 0 0 0 
0.56 0.310 0.073 0.10 0.13 
0.76 0.378 0.084 05222 0.36 0:23 
0.97 0.445 0.087 0.195 0.56 0.32 OL 
LF 0.512 0.087 0.170 0.76 0.40 0.38 
Por 0.572 0.095 0.166 0.97 0.48 0.45 
1.58 0.628 0.098 0.155 he 0.56 0.51 
1.78 0.688 0.095 0.138 1.37 0.61 0.57 
1.98 0.737 0.089 0.120 108 0.67 0.63 
Avg.: 0.164 1.78 0.71 0.70 
1.98 0.75 0.74 
Test No. 2-2 
0 0 0 & 
0.15 0.100 0.005 0.050 0 0 0 
0.31 0.188 0.023 0.122 0.15 0.10 0.10 
0.46 0.256 0.056 0.219 0.31 0.19 0.19 
0.61 0.310 0.081 0.261 0.46 amr 0.26 
0.77 0.367 0.074 0.202 0.61 0.34 0.31 
0.92 0.418 0.085 0.203 On7g 0.40 0.37 
1.07 0.466 0.089 0.191 0.92 0.46 0.42 
i va 0.515 0.089 0.191 1.07 0.51 0.47 
1.38 0.560 0.096 0.55 0.52 
1.53 0.606 0.092 0.152 1.38 0.60 0.56 
1.68 0.648 0.099 0.153 153 0.63 0.61 
1.84 0.632 0.125 0.198 1.68 0.67 0.65 
1.99 0.670 0.106 0.158 1.84 0.70 0.63 
Aves 0.175 1.99 0.73 0.67 
A typical solution for a 1 ft. diameter by 2 ft. mine the reliability of this development. 


high steel bin filled with flint-shot silica sand is 


shown in Table III for Test 2-1 and Test 2-2. 


For verification of the above experimental data, 


the calculated (U’K) value is substituted into 


Janssen’s equation, from which the average vertical 


pressures on the cross-sectional area are calculated. 


These vertical pressures are compared with the ex- 


perimental ones for Test No. 2-1 and 2-2 in Table IV. 


The data in Table IV are plotted in Figure 8. 


From this figure, it can be seen that the Janssen curve 
and the experimental curve are in close agreement and 


that the curves in Test No. 2-] are very nearly the 
same as those in Test No. 2-2. These curves give 


substantial support to the suggested method for deter- 


mining the (U’K) values for various bulk solid-bin 
combinations. Further tests, using different bulk 


solids and bins, are now necessary in order to deter- 


SUMMARY AND CONCLUSIONS 


This study has been an extension of the investi- 
gations and reported results of many contributors to 
the literature on the basic mechanics of bulk solid 
materials. From this groundwork, the internal, verti- 
cal stress function has been investigated by means 
of the newly developed ‘‘Suspended Concentric Ring”’ 
technique. The approach may prove to be a significant 
contribution to the area of mechanics of bulk solid 
materials. From the data thus far gathered, it has been 
possible to advance a model of the vertical stress 
function for bulk solid materials in bins. This stress 
function model has been duplicated by using several 
bulk solid-bin combinations. 

In the solution of the Janssen differential equa- 
tion, two empirical constants, unique to any bulk 
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solid-bin combination, appear. Reliable determination 
of these constants has been difficult in the past, but 
it is now possible from a simple laboratory setup to 
calculate the product of these constants for any small 
increment of material or for the whole bin of material. 
With the empirical constants known and substituted 
into Janssen’s equation, the average vertical pres- 
sures can then be calculated and used to verify the 
precision of the experimental values as well as to 
predict the average vertical pressure function. The 
calculated and the experimental values thus far studied 
are in excellent agreement. 

From the results of the investigations reported in 
this article, the following general conclusions are 
possible: 

1. The general shape of the internal vertical 
stress function on a horizontal cross-sectional area in 
a full, non-flowing bin has been determined experiment- 
ally. In addition to other variables, it is a function of 
the radius to the point and the head of material above 
the point. 

2. The vertical stress function on any horizontal 
cross-sectional area of a bin varies from a maximum 
value at the center to a lower value at the bin wall. 

3. The vertical stress function in a full, nonflow- 
ing bin varies from a maximum at the base to a mini- 
mum at the top regardless of the distance from the bin 
center. 

4. The empirical constants (U’K) unique to each 
bulk solid-bin combination and appearing in Janssen’s 
equation, can be reliably calculated from relatively 
simple laboratory measurements. These constants then 
can be used to predict the action of bulk solids in bins 
and can be very useful in the design of reliable bin 
structures. 

It is hoped that as the present research continues, 
additional conclusions of basic significance to the area 


of bulk solids will be forthcoming. 
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SOME GEOLOGICAL FACTORS AFFECTING 
THE UPPER FREEPORT COAL AND ITS QUALITY. 


ABSTRACT: 


The Upper Freeport coal in the Freeport and New Kensington quadrangles, 
Pennsylvania, varies from a bony streak to a thick coal deposit often exceed- 
ing ninety inches, the ‘‘Double’’ or ‘‘Thick Freeport’’. Distinctive basal part- 
ings, a central bone layer, and a canneloid top bench may be present. 


The appearance of a sandstone roof, sandstone rolls, and bony coal at the top 
of the main coal bench can be anticipated in thin Freeport areas when basal 
partings are absent. When the two basal partings are present, a shale roof is 


normal. These effects are correlated with the original topography upon which 
the coal was deposited. The original depositional high areas tend to coin- 


cide with present structural highs. 


Preliminary data indicate that coal quality, in part, 1s affected by the deposi- 
tional setting. In ‘‘high’’ areas, a tendency exists for the main coal bench to 
contain higher percentages of fusain and mineral matter. Within limits, some- 
what higher ash fusion temperatures appear to correlate with paleotopographic 


highs. 


As a result of these findings, critical examination of the paleotopography and 
related sediments is indicated in other areas and other coals. 


The Upper Freeport coal is quite variable both in 
thickness and composition in the Freeport and New 
Kensington quadrangles of Pennsylvania (Figure 1). 
The coal horizon in these quadrangles is marked 
either by a thin carbonaceous shale bed or by a single 
bed containing a variable number of partings (binders). 
The complex coal zone known locally as the ‘‘Double” 
or ‘‘Thick Freeport’’ contains the Upper Freeport 
Coal Bed at the base; but in addition, it has an over- 
lying bone layer and an upper coal bed occasionally 
capped with a canneloid layer. The ‘‘Thick Freeport”’ 


often exceeds 90 inches in thickness, whereas the 


F. KOPPE is Coal Petrologist, Pennsylvania 
Geological Survey, Dept. of Internal Affairs, Harris- 
burg, Pa. TP 59F312. Manuscript, Oct. 9, 1959. AIME 
Trans., Vol. 217, 1960. Coal-IndMD Meeting, Bedford 
Springs, Pa., September 1959. This paper is publish- 
ed with permission of the State Geologist. 
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normal Upper Freeport coal usually varies between 


34 and 50 inches. 


o 


Washington 


FIG. 1 


Location of quadrangles. 
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FIG. 2 


Structure contours, Upper Freeport coal, New Kensington and Freeport quadrangles. 


Shaded portion is thick Freeport area. A — Wildwood column; B — Springdale column; 


C — Armstrong column; and * — data localities. 


To determine the causes of variation, a prelimin- 
ary study was made of the basal partings in the coal 
(Koppe, 1958). A characteristic distribution pattern 
was found to exist throughout the Freeport quadrangle 
which the author interpreted as a function of the de- 
positional setting. Three related conclusions were 
drawn for the area. They are: 1) coals lacking per- 
sistent basal partings indicate topographically high 
areas at the time of peat accumulation; 2) the appear- 
ance of single basal partings suggests margins of 
depositional highs or equivalent elevations; and 3) 
two or more partings in the lower part of the bed are 
indicative of low areas of earliest peat accumulation. 
An extension of the studies into the ‘‘Thick Freeport” 
area was warranted to determine relations where the 
appearance of the coal is altered markedly by the 


addition of coal above the normal body (Rayburn, 1924). 


Figure 2 is a structure contour map of the area 
under consideration. Present coal elevations were 
used to establish the structure in the two quadrangles 
(Hughes, 1933; Richardson, 1932). Structural features 
from northwest to southeast are: the Bradys Bend 
syncline, the Kellersburg anticline, the McMurray 
syncline, the Amity anticline, the shallow Freeport 


syncline as a limb of the major Duquesne-Fairmont 
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syncline and separated from it by the local Leechburg 
anticline, and the Murrysville-Roaring Run anticline. 

All of the above structures plunge to the southwest: 
however, mild interruptions of the trend are located 
along the axes of the Kellersburg anticline, the 
McMurray syncline, and the Amity anticline in the 
southern portion of the New Kensington quadrangle. 
These interruptions are found in the area of the ‘‘Thick’’ 
Freeport’’ coal (Figure 2). Rayburn (1924) best describ- 
ed the “‘Thick Freeport’’ coal area overall as having 

** — no well-defined anticlines or synclines and might 
well be described as lumpy, but with no excessively 
steep grades’’. Locations of data from published lit- 
erature (Hughes, 1933; Richardson, 1932; Ashley et 
al, 1925; U. S. Bureau of Mines, 1939), mine records 
and field observations used in the course of this study 
are plotted as dots in Figure 2. In addition, some com- 
pany information was examined which is not available 
for publication at this time. 

The parting distribution map prepared from the 
above-mentioned data, reproduced as Figure 3, illus- 
trates the regional changes in numbers of basal part- 
ings. In the previous report (Koppe, 1958) the writer 
postulated that the persistent partings in this area 
mark depositional events which took place at two 
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separate times during development of the peat ‘‘blan- 
ket’’. Peat covered only lowlands when the earliest 
parting was formed over it. The aerial extent of the 
inorganic deposit therefore roughly corresponds to the 
extent of peat accumulation at that time. After this 
event, the organic deposit spread over topographi- 
cally higher areas and the second inorganic layer 
was deposited over the increased area of the swamp. 
Peat formation resumed after this second event and 
the swamp enlarged until all topographic relief was 
submerged under the accumulating peat. 

If the above interpretation is correct, it is then 
possible to consider Figure 3 also as a map of the 
paleotopography. The ancient topographic highs 
(areas of no partings) occupy positions relative to 
present anticlines suggesting that the paleotopography 
was controlled by the same structures observable to- 
day. The displacement of some paleotopographic highs 
to the west of present highs well might be a function 
of later deformation. In the southeastern quarter of 
the New Kensington quadrangle, the axis of the Amity 
anticline is indistinct. Here, the area of two partings 
crosses the anticline connecting the two depositional 


**lows’’ 


and a possible paleotopographic ridge cuts 
across structure in a northwesterly direction. This 
zone is marked by unexpected changes in the numbers 
of basal partings and by the depression of present 
structure, including reversals of dip. The zone roughly 
coincides with the center of the ‘‘Thick Freeport’’ 
area. 


The relationships between partings and structure 


are further illustrated in a northwest-southeast cross- 
section of the Freeport quadrangle. The ralations 
shown in Figure 4 may be of importance, especially 
in coal mining. Structure along the line of the cross- 
section is shown on the lowermost diagram in Figure 
4. Coal profiles showing the relations of partings and 
bone layers are illustrated in the centrally located 
cross-section. The changes of cover sediments are 
shown at the top of Figure 4. Near paleotopographic 
high areas, shaly coal (or bone) is found at the top of 
the bed. Non-persistent knife-edge shale and fusain 
partings are abundant in the upper portion of the coal. 
These are observed less frequently as the deposition- 
al lows are approached. As shown in Figure 4, a shale 
roof is normal in areas between depositional highs. 
Massive Mahoning sandstone lies close to the coal 
and produces more rolly conditions and cut-outs on 
and near the elevated areas. According to mine oper- 
ators, sulfur content is generally objectionable when 
sandstone contacts the coal. In general, the lower 
part of the Mahoning sandstone grades laterally from 
a massive sandstone on the original depositional 
highs to an interbedded sandstone and sandy shale in 
areas where a thicker shale unit forms the roof. The 
vertical scale of the covering sediments has been 
grossly exaggerated in Figure 4 to demonstrate these 
changes. In the field, transitions are very gradual — 
though sometimes interrupted by channel sandstones. 
Sandstone rolls and cutouts are erratic in the 
‘*Thick Freeport’’ area, although many are concen- 
trated on local domes. One should recognize that 
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erosion and subsequent sandstone deposition in the 
‘*Thick Freeport’”’ basin may have a later and differ- 
ent mode of origin than the equivalent features ina 
normal Upper Freeport area. Peat deposition contin- 
ued in the restricted basin after cessation of peat 
accumulation elsewhere in the study area. 

Coal quality is affected to some extent by the 
depositional environment. Excepting the local patch 
of impure coal and coaly shale detected in the south- 
eastern corner of the Freeport quadrangle, the normal 
Upper Freeport coal tends to be uniform in quality. 
Petrographic data of widely separated samples were 
used in the preparation of Table | to illustrate this 
point. Because the ‘‘Thick Freeport’’ consists of the 
normal Upper Freeport coal plus a local overlying 
coal, only the main bed can be compared with the coal 
elsewhere. The Wildwood mine is located on the west 
side of the ‘‘Thick Freeport’’ deposit; Springdale, on 
the east side; and the Armstrong mine in ‘‘low coal’’ 
fairly close to an old topographic high. These sites 
are shown as sites A, B and C in Figure 2. The pro- 
nounced differences are in the amount of fusain at 
each locality. Thiessen and Sprunk (1935) reported 
that the lower bench at Wildwood consisted of 57 
percent anthraxylon, 39 percent translucent attritus, 
three percent opaque attritus, andone percent fusain. 
On the other side of the ‘‘Thick Freeport’’ basin, 
fusain was found to be more abundant at Springdale 
(3.6 percent). Farther east, seven percent fusain was 
recorded in the Armstrong mine. The bulk of the fu- 
sain in the latter mine is confined to the uppermost 
seven inches of the coal in the form of lenticles and 
knife-edge partings mentioned earlier. As the fusain 
percentage is increased, the anthraxylon fraction is 
lowered somewhat. 

Increased fusain in the upper part of the normal 
coal is often accompanied by an increase of detrital 
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TABLE I 


PETROGRAPHIC CONSTITUTION OF BEDS 
UPPER FREEPORT, COAL 


UPPER BED 
MINE COUN TY PERCENT 
Anthraxylon Attritus Fusain 
Wildwood* Allegheny 29 67 4 
Springdale Westmoreland 43.6 51.6 4.8 
Armstrong Armstrong absent 
MAIN BED 

Wildwood* Allegheny Die 42 1 
Springdale Westmoreland SHES 38.9 3.6 
Armstrong Armstrong 40.5 7.0 


* Wildwood data from U. S. Bureau of Mines T.P. 564. 


mineral matter. Over ancient highs, the combination 
gives rise to the capping bone layer found in the 
normal Upper Freeport coal. In the opinion of the 
writer, this layer is the product of local sub-aerial 
oxidation which gives rise to the fusain and reduces 
the percentage of organic matter relative to the min- 
eral matter. Although the bony unit can be detrimental, 
petrographically determined coal quality is not affect- 
ed below the layer. One exception was found during 
the investigation. The patch of shaly coal and car- 
bonaceous shale found in the southeastern quarter of 
the Freeport quadrangle (Figure 3) was undoubtedly 
formed upon a local rise that was never covered 
sufficiently with peat to produce a good coal. 

Ash softening temperatures reported by the U. S. 
Bureau of Mines (1939) were plotted upon a map to 
ascertain whether or not a correlation exists between 


VERTICAL SCALE | 
| 
|] 
| 
| 
| | 
FIG. 4 Upper Freeport coal, Freeport quadrangle. 


the original deposition and the character of the ash 
fraction. This map is reproduced as Figure 5. In the 
**Thick Freeport’’ area, no correlation can be esta- 
blished. However, a limited degree of correlation is 
suggested in the Freeport quadrangle. The ash soft- 
ening temperatures along depositional highs are high- 
er than those of the intervening depositional lows. 
Additional analyses will be needed to determine the 
extent of variations of ash fusion temperatures and 
the causes for those variations. 


[= Depositional highs 
Deposi tional lows 


FIG. 5 


Variation of Upper Freeport coal-ash softening 
temperature (°F). Data sources, U. S. Bureau 


of Mines and Pennsylvania Geological Survey, 
Atlas A-36. 


In summary, the Upper Freeport coal was depos- 
ited upon a surface whose topography was somewhat 
similar to present structure in the study area. High 
areas in the depositional floor were detected by chang- 


es in number of basal partings and are correlated with: 


1) present coal structure, 2) the presence of uppermost 
coal layers rich in detrital mineral matter and fusain, 
and 3) a tendency for a sandstone roof and attendant 
rolls and cutouts. Ash softening temperature may 
correlate in normal coal development areas to a limit- 
ed extent. The findings listed above suggest that a 


close relationship exists between the character of 
coal and the geology of the area. A better understand- 
ing of these relations might well aid in future explor- 
ation and benefication in other coals and other areas 


once the responses of individual coals to depositional 
features are known. 
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MECHANICS OF LONGWALL CAVING 


Longwall caving, one of the most economical and 
attractive mining methods, is yet one of the most diffi- 
cult and hazardous.! This dualism is inherent in a 
method which manipulates the mine supports them- 
selves to aid in excavation. The difficulty is further 
compounded by the lack of an analytical method to 
predict and control results. This paper is intended to 
meet this need by providing a first approximation to 
the mechanics involved. 

The analysis will be limited to materials which 
are linear-elastic, homogeneous and isotropic. The 
rock structure is assumed to consist of beds of uni- 
formthickness with no interbed bonding.” Conse- 
quently, the mine roof can be likened to a beam, in 
which the action characteristic of longwall caving is 
the controlled deflection cf the barrier supports. This 
deflection causes load to be intentionally transferred 
from these barrier props to the working face.® 

Two of the requirements of this method, shared 
in common with other mining methods, are the provi- 
sion of (1) adequate and (2) safe working space. The 
third requirement is the one characteristic of longwall 
caving andis somewhat in conflict with the second; 
(3) the development of near-failure static loads at the 
face. 

Requirement (1) is handled by spacing the barrier 
props sufficiently far from the working face for effi- 
cient operation. Requirement (2) limits the static 
stresses in the structure to predetermined allowable 
values. This means that it is not desirable to induce 
a maximum load on the working face as requirement 


(3) may imply. Such a condition could produce collapse 


in the whole structure. It is the purpose of the under- 
cut to limit the depth, and thereby control the failure 
of the face. Therefore, requirement (3) really means 
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the development of an optimum, not maximum, load 
which, in conjunction with undercutting, produces 
failure at the working face, with minimum powder 


consumption. 
immediate roof h 
working area prohibited caved area 
/ 


barrier prop 


Lyon line 


A B overhang Cc 


FIG. 1 The structure. 

Stress analysis requires an exact delineation of 
the structure and loads. The structure will be defined 
as the immediate roof and its supports. Since the roof 
is severed at the caving line, the supports reduce to 
the barrier props and the working face, as shown in 
Fig. 1. The mechanics of failure within the working 
face itself are complex and beyond the scope of this 
study, since the face represents a typical mine invert 
structure.* However, this lack can be made good by 
the judicious collection of field data. The primary 
load on the structure is its own weight or body load 
which can be considered uniformly distributed over 
its upper surface. Additional loading occurs due to 
interference of overbeds with the structure. Wherever 
this occurs, the effect can be approximated by a load 
uniformly distributed on the upper surface of the 
structure.” When this interference is intermittent, as 
with a much thicker overbed, the elastic curve for the 
overbed is superimposed on that for the structure and 
the extent of interference noted, as Fig. 2 shows. 
However, for simplicity, this study will ignore such 
intermittent loads without impairing the generality of 
approach. Consequently, the free-body diagram is that 
of a uniformly loaded cantilever beam with an inter- 
mediate support, as shown in Fig. 3. For convenience 
of analysis, the diagram will be divided just to the 
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FIG. 3. Freebody diagram. 
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right of the barrier props, and the area to the left 

will be termed the working area; that to the right, the 
prohibited area, or overhang. Fig. 4 shows the analy- 
sis of this prohibited area. The beam over the working 
area is statically indeterminate to the first degree re- 
quiring one equation in addition to those of equilibrium. 
This equation comes from the geometry of deformation. 

Fromstatics: (Fig. 3) 


wL-Rpg (1) 
+> Mp: 0: Ma= wL2 - Mg - RaL (2) 
2 


From geometry: (Fig. 5)? 


wL4 (Rp-W 3 2 
8 3EI 
d 
SS *$ — 12 
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3EI 


FIG. 5 


Elements of deflection. 


Also: (Fig. 4) 


w= Ohb= oh 
WpRezwhy 
n 


Where: (subscripts refer to position on axis of 
beam) 


w = uniform load (#/‘) 

0 = specific weight (#/ 3) 

h = thickness of beam (‘) 

b = width of beam (‘) = 1’ 

L = span of beam (‘) 

Ly = span of overhand (') 
d = deflection of beam (') 
R(or W) = force (#) 

M = moment ( ‘#) 

E = Young’s Modulus (#/'2) 

I = Moment of Inertia about the neutral 
axis (‘4) 


Solving equations (1), (2), and (3): 
_5wL - 3Mp + 3EI 


R d 

-wL? + Mp - 3EI 
(6) 


Equations (4) and (5) demonstrate the load trans- 
fer principle. As dg increases, RA increases the 
same amount Rp decreases. 


Since neither Ma nor Mg, in Fig. 6, need be max- 
imum, it is necessary to determine this value. 


Mx = 0: Mx = (Rp - Mp (7) 


ae = Rp - Wp - wx =0 @ Mx max. or min. 
_Re-Wg 
x into (7) (8) 
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FIG. 7 Ra vs dp andn. 

Equations (4), (5), (6), and (9) are those required 
for the solution of the problem. Curves constructed 
from these equations are shown in Figs. 7 thru 10. The 
two independent variables are the deflection of barrier 


props (dp) and length of overhang (L, = nL). With 
192 


these values specified, the remaining dependent vari- 
ables (Ra, Rp, Ma, Mp, Mmax) are fixed. Since the 
allowable values for the prop load (Rg) and beam mo- 
ment (Ma, Mp, Mmax) are readily found by experiment, 
these values can be set as upper limits on Figs. 8, 

9, and 10, represented by a horizontal line. Any com- 
bination of dg and L must locate a point beneath this 
line. From field data, combinations that produce good 
breakage at the face can be plotted on Fig. 7 to sta- 
tistically determine an optimum face load (RA)- 
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FIG. 10 Mmax vs dp and n. 

Although prop deflection is the easiest variable 
to control, the span of the overhang can also be con- 
trolled, but with more difficulty. This is done in prac- 
tice by regularly shooting down the overhang whenever 
it reaches some predetermined length; in effect, elim- 
inating the higher values for n (Ly = nL) from the 
curves. Thus limiting the overhang would also mini- 
mize the energy released when it fails, reducing the 
severity of ‘‘bumps’’. Since the structure is mechani- 
cally solved, the quantity of energy released can be 
calculated. 


CONCLUSION 


On a simplified and idealized level it is possible 
to analyze the mechanics of longwall caving. Such an 
analysis quantitatively shows the interaction between 
prop deflection, overhang and the loads they produce 
in the structure. Because longwall caving is both 


difficult and hazardous, such knowledge is essential 
for its successful practice. A wide variety of yielding 
supports, sag and convergence recorders, and dyna- 
mometers exist at present to facilitate this opera- 
bion.8-!9 With added mechanization, longwall caving 
has become increasingly widespread and important. 


Indications point to a continuation of this trend both 
here and abroad.!!- 
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THEROETICAL AND EXPERIMENTAL STUDIES 
OF THE KINETICS OF GRINDING IN 
A BALL MILL 


ABSTRACT: 


A theoretical and experimental laboratory study has shown that the rate of 
breaking of oversized particles in a ball mill is proportional to 1) the concen- 
tration of such particles, and 2) the area of the balls, provided that the balls 
are larger than a certain size relative to the particles. If all undersized 
material were removed as formed, the rate of breaking would be almost inde- 
pendent of the quantity in the mill. Rate equations are given which are simi- 
lar to those for zero, first, and second order reactions. Deviations of small 
balls from the equation for a second order phenomenon are quantified by a 
factor called ‘‘nipping efficiency.’’ Some data are correlated by a dimension- 
less equation, which is used to estimate nipping efficiencies from data not 


in the correlation. 


The investigation described here was undertaken 
after a literature survey revealed that little was 
known concerning the mechanism of breaking of par- 
ticles within a ball mill and the effect of this mech- 
anism upon grinding rates. One paper, by Roberts!, 
offered a theory concerning the mechanism of break- 
ing, and a rate equation for the breaking of particles 
larger than some size to particles smaller than that 
size. That paper provided the starting point for a 
theoretical and experimental investigation of grinding 
under carefully controlled conditions. 


THEORETICAL CONSIDERATIONS 


In his paper on the probability theory of ball mill 
grinding, Roberts theorized that ‘‘. . . a given expen- 
diture of power leads either to a certain number of 
point to point blows per hp-hr or to a certain distance 
of line contact per hp-hr . . . ’’ He assumed that the 
balls touch each other during each blow or during 
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moving contact. Then he said that a volume of pulp, 
dependent upon the size being considered, would be 
covered per minute within which all oversized par- 
ticles would be crushed to particles smaller than that 
size. Naturally, the higher the concentration of over- 
sized particles in the pulp, the higher the rate of 
which they would be broken. From this reasoning 
Roberts obtained the differential equation 


> (1) 


where k is a constant for any size of particle, density 
of particle, and moisture content of pulp. C is the 
percentage of oversize in the material to be ground, 

t is the time, and hp/ton is the power input per ton of 
material in the mill. He then integrated the equation 


Cr 2.3 ton (2) 


where Co and Cy are the percentage of oversize at time 
zero and t respectively. By always using the same 
quantity of material in a mill and assuming that it re- 
quired constant power to run the mill, he was able to 
combine the horsepower per ton factor with the other 
constants to give an equation for a first order rate. 


dC h 
dt ton 
to 
| | 


He made tests in which identical charges of 
material were ground for different lengths of time and 
then analyzed for the fraction of oversized material 
remaining. Then he plotted log C against t and ob- 
served that straight lines resulted in some cases, and 
interpreted this to mean that the equation might be 
valid for certain conditions. He made no attempt, how- 
ever, to explain the deviations from linearity which 
he found to exist in some cases, other than to say 
that all deviations are probably due to the balls’ not 
coming into contact and to differences in the shatter- 
ing characteristics of materials. His ideas have been 
extended in this work from both theoretical and experi- 
mental standpoints, and a possible explanation ad- 
vanced for some of the observed deviations. 


Extension of The Roberts Theory 


In the development of the Roberts theory, the 
changing of material from particles larger than some 
size into ones smaller than that size is likened to a 
chemical reaction. A general equation for this phenom- 
enon would be 


aO + bB +... —exU + bB+.., (3) 


where O represents oversized particles, U represents 
undersized particles, and B represents the balls. Sym- 
bols may be added for any other factors to be studied; 
this investigation was limited to a study of the effect 
of the grindable material and the balls. 

If by analogy with the theory of reaction kinetics 
the activity of O is the concentration of oversize, C, 
and that of B is the area of the ball charge, A, the 
rate of the phenomenon may be expressed as 


dc 
, (4) 


where T is the number of revolutions of the mill and 
k is a constant. All other factors including the weight 
of balls and the total quantity of grindable material, 
Q, must be held constant. The order of the phenom- 

. , and the 
problem here is to predict their values by theoretical 


enon or reaction is the sum ofa + b +. 


considerations and then toprove them by experimental 
evidence. 

Roberts considered only the variable C, and in- 
cluded the effect of A in the constant. In explaining 
his theory he says, ‘‘A crude analogy would be to 
picture a 1-ft-wide steam roller going down the road 
at 1 ft per sec. If we place one egg on the road per 
square foot, one egg will be smashed per second. If 
we place a dozen eggs per square foot, a dozen eggs 
will be smashed per second.”’ This implied that the 
value of ‘a’ is one. The analogy may be used to ex- 
tend the theory to include the effect of ball area by 
visualizing that a roller two feet wide should break 
twice as many eggs per second as a roller only one 
foot wide. Similarly, a change in the area of the balls 
in a mill should make a change in the rate at which 
oversized particles are broken. 

The rolling, sliding, and tumbling balls in a mill 


generate a certain area of contact per revolution of 
the mill, within which particles larger than any cer- 
tain size should be broken. If it is assumed that the 
area of crushing contact per revolution is proportional 
to the area of the ball charge, a value of one may be 
assigned to ‘b’ also. 

According to this reasoning, grinding is a first 
order phenomenon if the effect of ball area is included 
in the constant, and its rate equation becomes 

dC k 

aT (5) 
If the effect of ball area is considered, grinding be- 
comes a second order phenomenon with the following 
rate equation: 

dC 

iT (6) 

The effects of the balls and the grindable mater- 
ial appear to be the simplest factors for study. It may 
be safely stated that if all the significant factors were 
allowed to vary, a complex equation indeed would be 
required to express the rate. 

According to these equations, the highest rate 
of breaking of oversized particles should be obtained 
if there were no undersized material present. Since 
the area of crushing contact generated per revolution 
of the mill by a given charge of balls is assumed to 
be constant, the rate of breaking of oversized par- 
ticles should remain constant if the fines were removed 
as they are formed. This indicates a zero order phenom- 
enon, with the following rate equation: 

dQ 

(7) 
It should be noted that this is not derived directly from 
Equations 5 or 6 which require that Q be constant. 

Equations 5, 6, and 7 are similar to equations 
found to express the rates of some chemical reactions, 
and they are based upon reasonable assumptions re- 
garding the mechanism of particle breaking within a 
ball mill. The validity of the equations and hypotheses 
upon which they are based have been checked by suit- 
able experiments, and it is believed that they are sub- 
stantially correct. This gives stature to the theory on 
ball mill action by unifying it with that of another 
field of science, namely, chemical reaction kinetics. 


EXPERIMENTAL EQUIPMENT AND MATERIALS 


A cylindrical mill, 8-25/64 inches long and 
10-7/64 inches in diameter, inside dimensions, was 
used for the experimental part of the investigation. 
The mill was constructed so as to avoid any discon- 
tinuity on the inside surface. In all of the experiments 
the speed of the mill was about 55 to 56 R.P.M. 

Twelve sizes of balls were used ranging in dia- 
meter from 2-1/2 inches to 1/12 inch. Fifty-pound 
charges of equal-sized balls were used in most of the 
experiments, and for each charge of balls the average 
diameter, the number of balls, and their surface area 
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were determined. 

The rock that was ground was a high-purity lime- 
stone fromeastern Kansas, selected because of its 
availability and because its low silica content would 
create no health hazard during dry grinding. Experi- 
ments were made on the grinding of single-sized frac- 
tions ranging from 4- to 6- mesh to 10- to 14- mesh 
which were prepared by crushing about 1500 pounds 
of rock and then screening it in a Rotap. After being 
crushed to about 3-mesh, the rock was ground in open 
circuit in a ball mill to eliminate some of the flake- 
like particles formed during crushing. It was then 
classified to remove part of the fines, after which the 
sands were dried before being screened. In some ex- 
periments material was used which had been prepared 
simply by roll crushing to pass a certain screen size. 


EXPERIMENTAL TESTING OF EQUATIONS 


In these experiments efforts were made to keep 
all variables constant except those being studied. In 
addition, the effects of certain experimental pro- 
cedures were studied in control tests as a precaution 
against possible errors. For instance, it was deter- 
mined that unloading of the mill, Rotap screening of 
the rock charge, and reloading of the rock and balls 
into the mill resulted in about the same amount of 
grinding as one revolution of the mill. If the rock and 
balls were not mixed when placed in the mill, the 


grinding effect of some four turns of the mill were lost. 


Because of this, care was taken to load the rock and 
balls in layers. Duplicate tests indicated that the 
results were reproducible. 


First Order Phenomenon 


Most of the tests to check Equation 5 were made 
in the following manner. A ten-pound charge of a 
single-sized fraction of the rock and fifty pounds of 
balls, all of one size, were loaded into the mill and 
run dry for a short time, usually 100 revolutions. Then 
the mill was emptied; the fraction of oversize in the 
rock was determined by Rotap screening; and finally 
the rock and balls were reloaded into the mill. The 
screen used was the finer one of the two that deter- 
mined the size limits of the feed material. The data 
thus obtained were plotted on semilogarithmic paper 
as in the upper curve of Figure 1, which is typical of 
plots for tests made to check Equation 5. Integration 
of the equation permits the constant, ky, to be eval- 
uated from any two points on the straight-line portion 
of the plot. 

This constant represents the fraction of the over- 
sized material present at any time which becomes 
undersize during one revolution of the mill. Although 
the quantity of oversized material broken during one 
revolution of the mill will vary with the fraction of it 
in the mill charge, the rate constant represents the 
effectiveness of the combination of mill, balls, and 
rock charge in breaking the oversized particles. The 
constants for different combinations are presented in 
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Table I; they will be discussed later. 


TABLE I 


First Order Constants Found with 10 Pounds of Rock 
and 50 Pounds of Balls 


Ball Diameter, 


Inches Rock Size, Mesh 
Nominal * Actual 4-6 6-8 8-10 10-14 
2472 2.532 0.00567 0.00407 0.00301 0.00180 
2 2.059 0.00564 0.00465 0.00372 0.00267 
1 1/2 1.547 0.00518 0.00569 0.00456 0.00342 
11/4 1.300 0.00407 0.00509 0.00474 0.00357 
l 1.039 0.00275 0.00383 0.00470 0.00383 
7/8 0.901 0.00396 0.00383 
3/4 0.780 0.00194 0.00336 0.00392* 
5/8 0.645 0.00201 0.00298 
9/32 0.2802 0.000151 


* Exact value may be doubtful because of an error in runn- 


ing the test. 


The primary objective of the tests just described 
was to check on the validity of Equation 5. Straight 
lines on the semilogarithmic plots would tend to con- 
firm the equation and the theory behind it. Satisfactory 
lines were obtained in nearly all tests, even though 
there were four kinds of deviations which perhaps can 
be explained. These deviations were noted only when 
very large or very small balls were used, and at the 
very beginning of grinding or after prolonged grinding. 
The most frequent of these is shown by the upper line 
of Figure 1, a typical first order plot which has a 
gentle curve from 100% to about 20% of oversize. The 
curve is concave downward and is tangent to the 
straight portion of the plot. This means that the con- 
stant in the equation increases as the grinding pro- 
ceeds and becomes truly constant only where the plot 
is straight. The reason for the rate constant’s being 
lower at the beginning of the grind may be that in a 
mass of rock consisting of equal-sized particles it is 
possible for some particles to move away from between 
the balls and not be broken. On the other hand, a mass 
of rock consisting of particles of all sizes would not 
permit such movement. This is thought to explain the 
gradual increase in the rate constant at the beginning 
of most of the first order tests. Deviations of a differ- 
ent sort were noted with very large and very small 
balls. 

Tests with the 24: inch balls and rock ranging 
from plus 6-mesh to plus 14-mesh all gave plots that 
are concave upward at their lowerends. It might be 
that the balls were too large to work properly in so 
small a mill, or the compacts of fine material observ- 
ed in these tests may have interfered with the grind- 
ing or the screening. 

Plots for tests with 4-inch balls and plus 10- 
mesh or plus 14-mesh rock had two straight-line por- 
tions as indicated by the two rate constants given in 
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FIG. 1 First order plots to show the effect of dilut- 
ing material on the breaking of 6 to 8-mesh 
particles in tests with 55% lb of 1%-in. balls 


and 10 lb of rock. 


Table I for these combinations. The rates down to 
about 20% of oversize are considerably higher than 
those below that point. The rock in these tests was 
ground by attrition rather than by nipping and break- 
ing of the particles. The products consisted of fine 
dust and rounded particles, some of which could pass 
the limiting screen. The two rate constants found in 
these tests may be explained by assuming that the 
rounded particles in the final 20% of oversize are 
not so easily reduced by attrition as the angular 
particles in the original feed. 

The final type of deviation from the theoretical 
semilogarithmic plot was noted only in a series of 
tests on 10- to 14-mesh rock which were extended 
from the usual 700 to 1000 revolutions of the mill. 
In most of these the plot became steeper after about 
800 revolutions. It will be shown that the size dis- 
tribution of the undersized material has an effect on 
the rate constant. Although the size distribution of 
the undersized materials in these tests was not 
studied, it is believed that these deviations were 
caused by changes in the size distribution of the 
charges due to prolonged grinding. 

Despite these deviations most of the tests gave 
semilogarithmic plots with a long straight portion, 
clearly indicating that Equation 5 is generally valid. 
The deviations occur when unusual conditions pre- 


vail. Since the validity of the equation seems to be 
established, the constants obtained from it may be 
used to indicate the effectiveness of different com- 
binations of balls and rock. 

The first order constants in Table I were found 
when 10-pound charges of rock were ground with 50 
pounds of balls. Balls of each size are most effective 
on rock particles of some particular size, and the 
farther the particles are from the optimum size, the 
less effective is he grinding. Particles of each size, 
likewise, are broken most effectively by balls of 
some size, and balls poth larger and smaller than that 
size are progressively less effective. These observa- 
tions are in accord with the practice of adjusting the 
size of the balls in a mill to the particle size of the 
rock to be ground. An optimum size of balls may be 
selected for each size fraction of rock by interpolat- 
ing between the two sizes with the highest constants. 
These optimum ball sizes are shown in Table II to- 
gether with the ratios of ball diameter to average 
particle size. Size fractions between 4 and 14 mesh 
have ratios that average 15.2, but data taken from 
other tests on finer material indicate that they in- 
crease rapidly as the size of the rock decreases from 
about 20 mesh. 


TA BIE 


Ratios of Optimum Ball Diameter to Average Particle Size 


Particle Size Ratio of 

Average, Optimum Ball Ball dia. to 

Mesh Inches Diameter, Inches* Particle Size 
4-6 0.156 14.7 
6-8 0.110 1.55 14.1 
8-10 0.078 1.20 15.4 
10-14 0.055 0.90 16.4 
28-35 0.0195 026525 33.3 
28-35 0.0195 26.7 
65-100 0.0069 0.28 40.6 


* Estimated by interpolation between valuesin Table I. 

** In tests with minus 28-mesh rock the 5/8-inch balls 
ground most rapidly. 

*** In tests with 28 to 100-mesh rock the 1/2-inch balls 


ground most rapidly. 


In a series of tests using 50 pounds of 1%-inch 
balls and charges of 6- to 8-mesh rock varying from 
2.5 pounds to 10 pounds, the first order constants 
decreased progressively as the quantity of rock in- 
creased. When the constants were multiplied by the 
weight of rock, the highest capacity for grinding was 
found for 7.5 pounds, the quantity required to fill the 
interstices in the ball charge. This result, which was 
also observed in tests to check the zero order equa- 
tion, agrees with observations in the art of operating 
large scale mills. 

The size distribution of the undersized material 
has a profound effect upon the breaking of oversized 
particles as is shown in Figure 1. The three lower 
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curves resulted from an attempt to conserve screen- 
sized material by substituting crushed rock for half of 
the charge. This substitution was expected to result 
in plots of the same slope as obtained by grinding down 
a charge consisting of 100% screen-sized material. 
The substituted material in the three trials was minus 
200-mesh, minus 20-mesh, and minus 8-mesh rock, all 
screened from coarser products. It may be observed 
that the finer the diluting material, the more rapidly 
the oversized particles were broken. Even the use of 
minus 8-mesh diluting material failed to give the ex- 
pected result, perhaps because it was actually finer 
than undersize obtained by breaking of oversized par- 
ticles. If in the test with the minus 200-mesh diluting 
material, only the five pounds of 6- to 8-mesh feed 
were considered, the plot would be almost exactly the 
same as that found for five pounds of 6- to 8-mesh 
material without dilution. This suggests that the minus 
200-mesh material absorbed relatively little of the 
crushing energy of the balls, while the coarser dilut- 
ing materials absorbed a substantial part of it. In the 
tests with diluting material, 55% pounds of balls were 
used, while only 50 pounds were used in the test 
without diluting material. 


Zero Order Phenomenon 


According to Equation 7, the rate of breaking of 
oversized particles should be independent of the quan- 
tity of rock in the mill, provided that no undersized 
material were present. This could be checked by a 
batch grind with simultaneous removal of undersize, 
in which case a constant production of undersize or 
reduction in the quantity of oversize would confirm the 
theory. Unfortunately, grinding with simultaneous re- 
moval of undersize was not possible with the equip- 
ment available, but it was approximated by removing 
the undersize after each of several short increments 
of grinding. Data from four such tests on 4- to 6-mesh 
rock with balls from 2% to 1 inch in diameter are plott- 
ed in Figure 2. The linear portions of the plots, from 
12 to 4 or 5 pounds of rock, tend to verify the hypo- 
thesis. Where the plots are curved, the mill was nearly 
empty and the balls did not have rock on which to 
work. 

At the beginning of each increment of grinding 
there was no undersize present, and conditions should 
have been the same as would be found in a batch 
grind with simultaneous removal of undersize when 
the same quantity of oversize remained in the mill. 
The weight of oversize particles broken per revolu- 
tion of the mill at the beginning of any increment may 
be calculated by assuming that the grinding during 
the increment follows a first order rate. The first 
order constant was calculated for each increment from 
the number of revolutions and the weight of oversize 
present at the beginning and the end of the increment. 
The initial grinding rate was the product of the first 
order constant and the weight of rock in the mill dur- 
ing the increment. Figure 3 shows the initial grinding 
rates vs. the quantity of rock in the mill for the same 
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FIG. 2 Weight of plus 6-mesh material remaining vs 
total number of revolutions of the mill in zero 
order tests using 55% lb of balls. 
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the mill in zero order tests. 


tests as in Figure 2. The zero order hypothesis would 
require that the grinding rate be the same for all quan- 
tities of rock; that this is not strictly true may be seen 
from the plots. If only those points for 5 pounds or 
more of rock are considered, however, the maximum 
deviations from the average for any one test range 
from 2.3% to 9.5%. It is interesting to note that, with 


one exception, the maximum rates occurred with 7 or 8 
pounds of rock, the quantity required to fill the inter- 
sticies in the ball mass. 

These results support the theory that the rate is 
constant at which material without undersize will be 
broken, provided that a certain minimum of material 
be present. There seems to be some advantage when 
the voids in the ball charge are just filled with mater- 
ial to be ground. Both these tests and those on the 
first order rate indicate that the size of the balls is 
an important factor in the rate at which oversized 
particles are broken. This was investigated in the 
tests on grinding as a second order phenomenon. 


Second Order Phenomenon 


Since the rate equation involving only the concen- 
tration of grindable material as a dependent variable 
has been found valid, one may attempt to include the 
area of the balls and check on the validity of the more 
general expression. With the additional factor, this 
requires a more complicated procedure than in the 
other tests. Equation 6 may be integrated between 
limits to the form 

In — = (8) 
2 


Both the concentration of oversized material and the 


ATS = Tp. 


number of revolutions of the mill may vary contin- 
uously, but it seems impossible to make and interpret 
a test in which the area of the balls would vary dur- 
ing the grinding of a single batch of material. The 
effect of changes in A may be studied, however, by 
grinding a number of identical batches of material 
with different sized balls. If To is the same with 
each batch, the only variables are A and Cg because 
Cj is constant and T] is zero. Equation 8 represents 
a straight line that passes through the origin of a plot 
of In 1S versus AT9. The data support the theory if 
they difine such a line when plotted according to 
Equation 8. 

Tests such as have been described were made 
on materials prepared by crushing limestone with a 
set of rolls in closed circuit with either a 14-mesh or 
a 28-mesh screen, as well as on minus 65-mesh mater- 
ial prepared by screening a coarser product. In each 
test the material was riffle split to give identical 
batches for grinding, and thorough wet and dry screen- 
ing was employed. For a single test several 7.5-pound 
batches were ground dry, each for the same number of 
revolutions of the mill. Each batch was ground with 
50 pounds of equal-sized balls, different sizes being 
used to cause the value of A to vary. Screening was 
done to study the coarsest fraction in the feed. The 
minus 65-mesh material was screened at both 100 and 
150 mesh, however. The data are plotted in Figure 4 
according to Equation 8. 

In the plot for the breaking of 28- to 35-mesh 
material, the first five points, found with balls from 
2% to 1 inch in diameter, follow a line that passes 
through the origin. For balls smaller than 1 inch, the 


points fall progressively farther below an extension of 
the line, and for balls smaller than 5/8 inch the abil- 
ity to break the particles actually decreases as the 
ball size decreases. Points for the minus 65-mesh 
particles follow straight lines through the origin for 
ball sizes from 2-1/2 to 7/8 inch. The test onthe 
minus 14-mesh material will be discussed later. 
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FIG. 4 


Plots for second order tests. 


Nipping Efficiency 


Those data which follow Equation 8 tend to con- 
firm the theory that the rate of breaking of particles 
should be proportional to the area of the ball charge. 
Why, then, do not the smaller sizes of balls follow the 
equation? This question may be answered by assuming 
that balls below a certain size cannot break all the 
particles they encounter, while those larger than that 
size do break all particles that come between them. A 
term called the ‘‘nipping efficiency, Ey,’’ has been 
defined to indicate the ability of the balls to break 
particles, relative to the ability required by Equation 
8. Since the ability to break oversized particles is 
represented by the first order constant, Ey is the ratio 
of the actual first order constant to that which would 
have been found if the nipping efficiency were 100%. 
Thus 

C2 


(9) 


were (9* is the percentage of oversize that would 
have been present if Ey were 100%. This may be ob- 
tained from Figure 4 by dividing the ordinate of any 
experimental point by that of a point on the theoretical 
line at the same abscissa. 

In the breaking of 28- to 35-mesh particles, the 
one-inch balls seem to be the critical size above 
which Ey equals 100% and below which it falls off. 
By geometric similarity the two-inch balls should be 
the critical size for the breaking of 14- to 20-mesh 
particles, with only the 2/- and 2-inch balls having 
100% efficiency. Two points so close together could 
hardly define an experimental line by themselves, but 
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because of the formof the equation, the theoretical 
line was drawn through the origin and between these 
two points. Nipping efficiencies of all the other sized 
balls for 14- to 20-mesh particles were calculated 
from this line. 

Referring again to the plots for minus 65-mesh 
particles in Figure 4, it is seen that the points for 
3/4-, 5/8-, and 1/2-inch balls fall above an extension 
of the line through the points for the coarser balls. 
No explanation is known for this fact. In the plot of 
65- to 100-mesh particles, a line through the origin 
and the points for 5/8- and 1/2-inch balls has been 
taken as the theoretical line for the calculation of 
nipping efficiencies. 

It is clear from Figure 4 that the nipping effi- 
ciency of a given size of balls is different for differ- 
ent sizes of particles. In order to expand the range 
of particle sizes for which nipping efficiencies were 
obtained, Equation 8 was applied to the data from 
some first order tests. Values of In a were plotted 
against A(T for tests with 10- to 4-mesh rock 
and balls from 2-1/2 to 9/32 inch in diameter. A line 
through the origin and the point for the 2-inch balls 
was taken as the theoretical line from which the nipp- 
ing efficiency was calculated for each of the other 
sizes of balls. The point for the 2-1/2-inch balls seem- 
ed to be out of place, being 16% below the line even 
though it might be expected to be on or above the line 
passing through the point for the 2-inch balls. 

In fact, if geometric similarity may be used to 
predict the critical size of balls from that for the 28- 
to 35-mesh particles, 100% nipping efficiency may be 
expected only with balls as large as or larger than 
2.8 inches in diameter. Thus the values of Ey for the 
10- to 14-mesh material calculated by this method are 
probably too high; no attempt was made to apply the 
method to particles coarser than 10 mesh. Values of 
En for the coarser sizes of rock were estimated by 
still another method. 


DIMENSIONLESS CORRELATIONS 


Correlations generally represent a forward step 
in the development of a science from an art for which 
only scattered bits of data are available. No general 
correlation has been made, to this author’s knowledge 
of the data on the grinding of material in a ball mill. 
Certain of the first order data have been correlated 
in terms of dimensionless groups, and a method de- 


? 


vised for using the correlating equation to determine 
nipping efficiencies. While the correlation itself is of 
little immediate significance because of limited data, 
it may point the way to correlations of greater signifi- 
cance. 


Correlating Equation 


Eleven of the first order tests were selected for 
correlation; all of the others deviated too much to be 
included. To facilitate the search for an equation, any 
irregularities were eliminated from the original data 
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for each test by extending the straight-line portion of 
the plot and shifting the scale so that T equalled zero 
where C equalled 100%, Values of C were then read 
fromthe line at values of T equal to 250, 500, 750, 
and 1000 revolutions of the mill. It turned out that 
these somewhat artificial data were more useful in 

the search for equations than the original data could 
have been. The equation applies to the original data, 
however. 

It seemed desirable to relate C to the other signi- 
cant variables by an equation involving dimensionless 
groups, which would give a single straight line plot 
for all of the data. The variables of the quantities of 
oversize and total grindable material, time, rate of 
rotation, diameter of the balls, d, and the size dis- 
tinguishing oversize from undersize, S, were arranged 
in dimensionless groups. C was equated to some 
function of the other groups, thus 


d 
4] 


If T is held constant, an exponential expression may 


(10) 
be written as 


G = Ky [4]? 


log C = log Ky +n log & : 


(11) 
or as 


(12) 


The values of d/S were constant during any one 
test, but varied from test to test. When these were 
plotted on log-log paper against the values of C at T 
equal to 250, 500, and 750, three straight lines were 
found. The values of n found from the slopes of these 
lines were 0.75, 1.487, and 2.26, respectively. It may 
be noted in each case that the value of n is almost 
exactly 0.003 times the value of T. If 0.003T is sub- 
stituted for n in Equation 1], it may be rewritten as 


q 9-003T 
alg]. 


|0-003T 
log C = log Ko + log | > - 


C = (13) 


or as 


S (14) 


When the data at T equal to 250, 500, and 750 
were plotted according to Equation 14, three equally 
spaced parallel lines with slope equal to one resulted. 
Furthermore, it was noted that the values of the ab- 
scissas at C equal to 100% were proportional to the 
values of T. By substracting the proper quantity, pro- 
portional to T, from each value of logl-g]0°3T and 
then plotting the resulting value versus log C, all the 
points were made to fall near a line of slope one which 


had equal values of abscissa and ordinate at all points. 


Application of the Equation 


When the original data were plotted according to 
the equation developed for the smoothed data, the 


points fell somewhat above the intended line. By 
successive approximations the proper function of T 
was found for use with Equation 13 to correlate the 
original data. Thus, 


470-003T 
19 0-00596T 


where the figure 0.00596 is the value found by suc- 
cessive approximations, and K equals 100. This may 
now be written as 


(15) 


0.003 T 
log C = log =| x 19279-90596 T (16) 
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(Curve G) and of data that deviate from the 
correlations (as indicated by legend). 

The solid dots in Figure 5 represent data from 
the eleven correlated tests plotted according to 
Equation 16. Grinding times ranged from100 to 1000 
revolutions of the mill, the balls were from 1, to 2% 
inches in diameter, and the rock sizes were from plus 
6 mesh to plus 14 mesh. It may be pointed out that 
the slope of the plot equals one for the correlated 
data, but is different than one in plots for those tests 
that could not be included in the correlation. Data 
from some of the non-correlated tests are also plotted 
in Figure 5 to illustrate the manner in which they 
deviate. 

Examination of Figure 5 shows that [y for any 
ball and particle size combination would be equal to 
the slope of the experimental line, if the tests that 
were correlated had had 100% nipping efficiency. Two 
of the lines in Figure 5 have slopes greater than one, 
however, indicating nipping efficiencies greater than 
that in the tests which were correlated. These are 
for tests with the finest rock and the two largest sizes 
of balls which were used in the first order tests. This 
casts grave doubt on the validity of using these cor- 
related tests as a standard representing 100% nipping 


efficiency. In reality they may all have nipping effi- 
ciencies below 100%, but which are close enough to 
each other to permit correlation. Differences in the 
true values of Ey may account for some of the scatter- 
ing of the solid dots in Figure 5. 

The evaluation of true nipping efficiencies from 
the data available is uncertain because of the uncer- 
tainty of the average value for the correlated tests. 
An approximation may be made, however, by extrapola- 
tion from the tests on the second order phenomenon. 
In tests with 28- to 35-mesh particles, balls one inch 
in diameter were found to be the critical size above 
which 100% nipping efficiency was obtained. Although 
data are lacking to prove this is true, it may be esti- 
mated that the critical size of balls for 10- to 14-mesh 
particles would be about 2.8 inches in diameter. Balls 
this large were not used in the experiments, but the 
2%-inch balls are only about 10% smaller. The slope 
of the plot for 24-inch balls and 10- to 14-mesh par- 
ticles in Figure 5 is 1.42, indicating a nipping effi- 
ciency 42% higher than the average for the correlated 
tests. After careful consideration of the variation of 
nipping efficiency with ball size, it has been assumed 
that 2.8-inch balls would have given a slope of 1.5. 
On this basis the correlated tests are assumed to have 
an average nipping efficiency of 67%, and the value of 
En for each of the other tests is taken as 2/3 of the 
slope when plotted as in Figure 5. In this way values 
of Eq were estimated for the combinations of ball and 
particle sizes not included in the correlation. 
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diameter to average particle size for several 


sizes of particles. 


Figure 6 contains plots of fy versus the ratio of 
ball diameter to average particle size for particles 
ranging from minus 4 mesh to plus 100 mesh. Part of 
the data were obtained fromplots similar to Figure 4 
and the rest fromones similar to Figure 5. There are 
two curves for 10- to 14-mesh particles because 
values of i, were estimated by both methods. 

Nipping efficiencies for particles of all the sizes 
tested appear to approach zero as the balls become as 
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small as five or ten times the particle size. For equal 
efficiencies up to about 75%, it seems clear that the 
finer the particles are, the greater must be the ratio 
of ball to particle size. There are insufficient data 
upon which todraw conslusions about very high nipp- 
ing efficiencies, but it seems probable that they reach 
100% for ball-to-particle ratios ranging from 30 to 70. 


CONCLUSIONS 


Perhaps the most important conclusion to be 
drawn from this work is that, under the condition 
studied, the operation of grinding in a ball mill may 
be analysed on the basis of differential equations that 
are well recognized in the field of chemical reaction 
kinetics. This unity with another branch of science 
strengthens the theory on grinding, and may help in 
developing the art into a science. Some of the factors 
that affect the grinding rate have been isolated and 
combined in ways that result in zero, first, and second 
order rates. Some quantitative information has been 
obtained, but of more importance is the fact that the 
results reported here and in Roberts’ paper point the 
way to new methods for the quantitative treatment of 
the subject. Experiments may subsequently be devised 
to give quantitative information about the effect of 
other factors on grinding rates. 

Specifically, it has been shown that under proper 
conditions and with fixed quantities of balls and 
material tobe ground, ‘the rate at which oversized par- 
ticles are broken is proportional to the fraction of 
oversize present and to the area of the ball charge. 
Among the conditions found necessary for strict adher- 
ence to this rule are: 1) a size distribution in the 
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material being ground such as is produced by crushing 
or grinding, and 2) balls that are larger than some 
critical size relative to the particles being broken. 
The deviation from this rule found for balls smaller 
than the critical size may be described quantitatively 
by a factor called ‘‘nipping efficiency.” 

A method is given for fitting data to a correlating 
equation involving dimensionless groups, which may 
prove to be useful, especially if applied to data for 
grinding at 100% nipping efficiency. Nipping effi- 
ciencies may be estimated either directly from experi- 
mental data or through the use of the correlating equa- 
tion. Once an equation at 100% nipping efficiency 
were obtained, the latter method should involve sim- 
pler experimental procedures. 

The ratio of ball diameter to particle size appears 
to be an important dimensionless group in the correla- 
tion of grinding data. This is also indicated by the 
common practice of adjusting the size of balls to the 
size of the material to be ground. 


ACKNOWLEDGEMENTS 


The cooperation of the faculty and staff of the 
Departments of Chemical Engineering and Mining and 
Metallurgical Engineering at the University of Kansas 
is gratefully acknowledged. 


BIBLIOGRAPHY 


(1) E. J. Roberts, ‘‘The Probability Theory of Wet 
Ball Milling and its Application,’’ Trans, Am. 
Inst. of Mining and Metallurgical Engrs., Vol. 
137, 1950, pp. 1267-72. 


ENERGY—SIZE REDUCTION RELATIONSHIP 
FOR THE GRINDING OF QUARTZ 


It has been demonstrated that for fine grinding 
operations, the energy input (E) and the product size 
modulus (k) are related by an equation of the form 


E = Ak!-2 (1) 


1) 


where ‘‘A’’ and “‘n”’ are constants. Also, it was 
suggested that “‘A’’ is determined by the comminuting 
device and that ‘‘n’’ depends primarily on the rock. It 
was the purpose of this investigation to study these 
constants by determining the form of an energy-size 
reduction relationship over an extreme range of energy 
inputs, and at the same time, to evaluate the minimum 
particle size produced during grinding. 

The comminution system consisted of a stainless 
steel laboratory ball mill in which quartz was ground 
at 60% solids for times ranging from | minute to 700 
hours. The mill which measured 10’’ diameter by 12”’ 
long was loaded with about 60 pounds of balls ranging 
in diameter from 3/8’’ to 1-1 /8’’ and was driven at 
55 r.p.m. Quartz was selected for the tests because 
it is a brittle material for which size distribution data 
were expected to show a constant distribution coeffi- 
cient regardless of product size.{!) This permitted 
specification of product size by a size modulus alone. 

The quantities measured were the time of grind 
(measure of energy input) and the specific surfaces of 
the products. Since no accurate method is available 
yet for determining particle size directly in the very 
fine size ranges specific surface data were used for 


ae J. H. BROWN, formerly with Massachusetts Inst. 
of Technology, is now with Research Center, U. S. 
Steel Corp., Monroeville, Pa.; S. R. MITCHELL 1s 
Technician, Massachusetts Inst. of Technology, 
Cambridge, Mass.; and M. WEISSMAN 1s with North 
American Aviation Inc., Los Angeles. TP 60B28. 
Manuscript, Dec 4, 1959. AIME Trans., Vol. 217, 
1960. New York Meeting, February 1960. 


J. H. Brown, S. R. Mitchell and M. Weissman 


this purpose. The relationship between these two 
quantities may be expressed as 


ps 


where C is a constant which includes a shape factor, 


(2) 


P is the specific gravity of the solid, S is the specific 
surface and J) is an equivalent particle diameter. For 
a material inwhich the distribution coefficient does 
not change with size the term (1/S) may be substituted 
for k in equation 1, if the proportionality constant “‘A”’ 
is changed correspondingly. This substitution was 
made in this work but in addition, screen analyses 
were made on several products to verify the equiva- 
lence of the two methods of size specification. 


EXPERIMENTAL DETAIL 
QUARTZ 


Quartz from two sources was tested. One series 
of tests was made on a clear, high purity crystalline 
quartz from Brazil and Arkansas, and another series 
was run on massive quartz from New Hampshire. Grind- 
ing charges of the high purity material consisted of 
2000 gram samples of -3+8 mesh particles, while the 
charges of the New Hampshire quartz were 500 gram 
samples of a -35+ 48 mesh screen fraction. The differ- 
ence in the sizes of these two series of charges was 
not significant in view of the extreme size reduction 
accomplished, and the New Hampshire samples were 
smaller to permit grinding to finer sizes in shorter 
times than required for 2000 gram lots. 


SAMPLING AND ANALYSIS 


Separate charges were ground for all tests in 
which the grinding times were less than one hour and 
for all tests on NewHampshire quartz since these 
products were difficult to sample accurately without 
affecting the entire charge. 

During the long time grinding tests the mill was 
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stopped periodically and small amounts of uniformly 
mixed pulp were withdrawn. The weight of material so 
removed was small and no correction for the reduced 
weight of the charge was necessary. These samples 
were also used to check the water content of the 
charge and small amounts of water were added when 
necessary to compensate for evaporation and other 
losses. 

Specific surface measurements were made with 
B.E.T. krypton and nitrogen gas adsorption appartus 
and duplicate analyses were made on most samples!2) 
Standard techniques were followed in screen sizing 
and sedimentation sizing. (4) 

In addition to the size and surface measurements, 
the iron contents of the pulps were determined to pro- 
vide a check on the steel worn from the mill during 
grinding. When it became clear that appreciable quan- 
tities of metal were being worn off the mill, the con- 
tamination was removed from a number of samples by 
leaching them in warm] normal hydrochloric acid, 
washing and drying. These leached samples were then 
re-analyzed by the B.E.T. method to determine the 
contribution which the metal had made to the original 
specific surfaces. 


SIZE ANALYSIS’ RESULTS 


The complete size distribution data for four sam- 
ples of high purity quartz are presented graphically 
in Figure 1 with the size distribution curve for the 
high purity feed material included for comparison. In 
preparing these curves, it was necessary to correlate 
the data obtained fromtwo separate sizing methods, 


viz. screen analysis and sedimentation sizing. The 
(5) 


was followed in 


treatment proposed by Schweyer 
this. 
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FIG. 1 Complete size distributions of high purity quartz 


ground for short times. 


A significant development concerns the fine size 
ranges of each product. These portions of the 5, 15 
and 60 minute tests are parallel toeach other and even 
the curve for the 1 minute test is very close to being 
parallel to the other three. This is a strong indication 
that so long as no feed size effect exists increased 
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energy input merely causes a change in the size modu- 
lus of the product with no accompanying change in 
distribution coefficient. In this case, the distribution 
coefficient was about 0.93. It was assumed therefore 
that the size modulus established by the fine fractions 
of these curves was a satisfactory measure of the pro- 
duct sizes for use in testing equation (1). 


MILL METAL CONTAMINATION 


The results of chemical analyses of the mill pro- 
ducts indicated that although the initial rate of con- 
tamination was relatively high, it decreased as the 
grind continued and became very low toward the end 
of the test. It may be significant that at the end of 
this long grind the balls and the mill inside were 
highly polished. 

Microscopic examination of various mill products 
over the entire energy input range revealed that the 
particle size distributions of the quartz and of the 
metallic particles were of the same order of magnitude. 
This observation was based, of course, upon the par- 
ticles which could be resolved and viewed under the 
magnifications employed but since the specific sur- 
faces of leached samples were approximately the same 
as for the unleached samples it was assumed that 
similar conditions existed in the size ranges which 
could not be examined. 


ENERGY-SIZE REDUCTION RELATIONSHIP 


The specific surface data and the size moduli 
obtained from Figure 1 are all presented graphically 
in Figure 2 in which the energy input (time of grind) 
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has been plotted against a measure of the product 
size. Curve | includes the specific surface data ob- 
tained for high purity quartz, Curve 2 specific surface 
data for New Hampshire quartz, Curve 3 the data from 
the screen analyses, and Curve 4 the results of spe- 
cific surface measurements on acid-leached products. 
All specific surface data are believed to be reproduc- 
ible to within + 10% or better. 

The outstanding feature of these curves is the 
fact that parallel straight line relationships were ob- 
tained over a very wide range of energy inputs regard- 
less of the source of the material or the size measure- 
ment used. There can be no question but that these 
curves are described by a relationship of the form of 
equation (1) over a wide range of energy inputs. Over 
this range, the value of (1-n) was -0.96, from which 
n= 1.96 which is very close tothe value obtained by 
Piret et al for drop weight breaking of quartz. (©) How- 
ever, we do not propose that this data should be re- 
garded as support for the Rittenger relationship. 
Charles’ data showed very clearly that n can vary 
and hence, these results only indicate that n has a 
value slightly less than 2 for this particular system. 


The curves of Figure 3 appear to approach a 
limiting specific surface of the order of 1.8 x 10° cm?/ 
gram, which indicates that a limit to the grinding pro- 
cess did exist. This limit appears to apply to both 
forms of quartz tested and to the leached samples as 
well as the unleached. In terms of a calculated aver- 
age dimension, this corresponds to a particle size of 
the order of 130 angstrom units, assuming a value of 
6 for C in equation (2). Examination of several of 
these very fine products under an electron microscope 
indicated that a great many particles were present in 
sizes much finer than 0.1 micron. 


DISCUSSION 
SIZE MEASUREMENT 


One of the problems which has delayed the de- 
velopment of energy-size reduction relationships is 
the difficulty of specifying the size of a product. At 
best, two figures are required, one to describe a 
dimension, the second to describe the dispersion. In 
this work the specific surfaces of the various products 
were measured and the results were used to obtain a 
measure of the size. Since screen analyses of three 
products showed that the distribution coefficient was 
constant after the first few minutes of grinding there 
seems to be no objection to this treatment. 


ENERGY-SIZE REDUCTION RELATIONSHIP 


The results of this investigation indicate that 
no energy size reduction relationship should be re- 
garded as being universally applicable. Although an 
equation of the form E= A (1/S)"9-96 can be applied 
to the present data over a wide range, deviations oc- 
curred when the grinding time exceeded about 100 
hours. Similarly we would not expect a single rela- 
tionship to apply if the grinding mechanismwere to 


undergo a change with change in product size. For 
example, if a rock were to exhibit a significant inter- 
granular weakness, then a change in its response 
should be expected as the product size changes from 
above to below the grain size of the rock. 

The conclusion that a relationship need not be 
constant can be applied directly to the practical case 
since it demonstrates the potential error of using a 
relationship in solving a size reduction problem before 
the applicability of the relationship to that problem is 
established. In practical operations the value of n 
seems to range about 1.5 but this does not require 
that 1.5 is the best value to use in any particular 
problem. It would appear preferable to determine the 
proper relationship experimentally when an energy-size 
reduction relationship is required. In this, the weight 
of evidence indicates too that energy input and pro- 
duct-size measurements should be plotted on a log-log 
scale as in Figure 3. Constant values for n will then 
be evident when straight lines are obtained, and also, 
variations in the response of an ore to grinding may 
be detectable. 


GRINDING LIMIT 


It appeared here that a grind limit was approached 
at a specific surface of the order of 1.8 x 10%cm2/gram. 
There are two questions to be answered in this: To 
what factor is this limit attributable and, to what size 
range does this limit correspond? 

One answer to the first question may lie in the 
presence of flaws such as dislocations or cracks in 
the crystalline material. If a crack is likely to nu- 
cleate only where a flaw exists then a lower limit to 
size reduction may be reached when the particles, 
because they are free of flaws, attain strengths of 
the same order of magnitude as the steel. This con- 
dition must cause the energy required for unit reduc- 
tion to increase at fine sizes and the curves of 
Figure 3 are consistent with this behavior. This 
suggests that an intensive study of the role of crys- 
tal flaws in crack propogation may contribute to our 
understanding of comminution. A size limit may exist, 
too, if the grinding system cannot apply rupture loads 
to particles substantially smaller than 0.1 micron. 

The finest sizes produced by grinding may be 
estimated fromthe specific surface data. Since the 
particles probably do not reach unit cell dimensions, 
and since few, if any, were found to be larger than 
0.1 microns under the electron microscope, then the 
range of sizes in the finest products must be narrow. 
Also, it is doubtful that the shape factor for very 
fine particles is higher than say, 2 or 3, so that the 
size is likely to be within a factor of 2 or 3 of the 
calculated equivalent diameter. Thus, the results 
indicate that the finest sizes were in the range of 
100 to 500 angstroms. 


DEPENDENCE OF THE EXPONENT 21. 


The values for n obtained in a number of investi- 
gations on quartz are listed in Table I. 
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TABLE I 


Values of n obtained in various investigations 


Breaking 
Method 


Source of Quartz Investigator n 


= Pendulum crusher Hukki 1.88 

New Hampshire Rod mill Charles 1.90 

New Hampshire Ball mill] (short) Charles 1.86 
(term) 

New Hampshire Ball mill (lone) Charles 1.88 
(term) 


Piret et al. 2.0 
This paper 1.96 


This paper 1.96 


~ Drop weight crusher 
New Hampshire Ball mill ee 


BrazilandArkansas Ball mill ee 


m) 


It appears that all values of n are very close and 
probably the spread is within the limits of experiment- 
al error. This indicates that the massive form of the 
New Hampshire quartz did not affect the fracture 
appreciably and that the value of n is primarily de- 
pendent on the mineral. It may also be noted that for 
the present results m-n+] = -0.03 which supports 
Charles’ postulate that m-n+1] * 0. If the value of n 
is dependent only on the mineral, then it is possible 
that ultimately a relationship may be developed be- 
tween the composition of the ore and the most accu- 
rate value of n to use in an energy-size reduction 
relationship. 


SUMMARY AND CONCLUSIONS 


An attempt has been made to evaluate the rela- 
tionship between energy input and product size for 
the grinding of quartz. In this, the time of grind was 
used as the measure of energy input and the product 
size was evaluated through specific surface measure- 
ments. It was found that the energy input and the pro- 
duct size were related by an equation of the form 


= Ak 70-96 
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over a very wide range of grinding times. An extremely 
high energy inputs the specific surface approached a 
limiting value of the order of 1.8 x 10° cm?/gram. This 
specific surface is believed to indicate a limiting par- 
ticle size of the order of a few hundred angstroms. 

The shape of the energy-size reduction curve ob- 
tained showed the potential error of applying any size 
reduction relationship indiscriminately. It is proposed 
that improved accuracy may be obtained in practical 
design problems if the form of the energy-size reduc- 
tion relationship is determined as the first step in a 
solution to each problem. 
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NON-SULFIDE FLOTATION WITH FATTY ACID 
AND PETROLEUM SULFONATE PROMOTERS 


IN TRODUC TION 


The benefication of non-sulfide or non-metallic 
minerals by froth flotation has been practiced commer- 
cially for at least 30 years. In the pioneer stages of 
development of this flotation art, most of the promot- 
ers investigated were fatty acids or soaps that had 
been found to float sulfide minerals. 

When commercial application of froth flotation 
started to assume importance in the late 1920’s and 
1930’s, a great deal of fundamental research work 
was done in the laboratory (11-14, 19, 22, 23, 26, 29, 
32). Among other subjects, this work included studies 
of the relative effectiveness of the different fatty 
acids and their salts on the flotability of various non- 
sulfide and non-metallic minerals. 

The successful present-day use of fatty acid and 
petroleum sulfonate type promoters results from better 
understanding of the principles of non-sulfide flota- 
tion plus the development of effective selectivity 
modify ing agents. Many investigators have contributed 
to a greater appreciation of the numerous interrelated 
factors involved in fatty acid and soap flotation of 
non-sulfide minerals. Of these, mention should be 
made of recent fundamental studies by Taggart and 
Arbiter (31), Wolstenholme and Schulman (35) 
Schulman and Smith (28). Wark and his co-workers (34): 
Du Rietz‘!5); and J. Leja‘24), 
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TYPES OF PROMOTERS USED 


According to J. Rogers, K. L. Sutherland and 
E. E. and I. W. Wark(27), ‘‘the basic requirements for 
a ‘collector’ in flotation are that it shall form a film 
over the surface of the mineral to be floated and that 
this film should be oriented so that hydrocarbon (non- 
polar) groups form the effective surface.’’ When modi- 
fied in that way, the mineral surface possesses some 
degree of air avidity. All investigators would agree 
with Taggart, Taylor and Ince (33) that such a film 
can be produced only if the collector compound con- 
tains an active (polar) group to be attracted to the 
mineral surface, as well as the non-polar group. 

The commonly used anionic-type promoters for 
non-sulfide, non-metallic and metallic oxide ores 
include: 

1. Fatty acids, and their soaps and emulsions. 

2. Fatty acids residues — ‘‘pitches’’ and ‘‘foots.” 

3. Sulfonated and sulfated fatty acids and so- 

called ‘‘petroleum sulfonates.”’ 

4. Paraffin chain salts — sulfonated and sulfated 

higher alcohols. 

5. Cyclic organic acids or salts, such as naph- 

thenic acid and naphthenates. 

Certain fatty acids are more effective than others 
as promoters for particular minerals under certain 
specified conditions. Some of the more costly fatty 
acids or collectors of the paraffin chain salt type may 
give improved selectivity in some instances and are 
being used commercially in a limited number of opera- 
tions. Local availability may dictate the choice of the 
fatty acid used — for example, the use of palmoil 
fatty acid for flotation of copper carbonate ores in the 
Belgian Congo. Coconut oil fatty acids have also 
found limited use. 
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TABLE I 


TYPICAL FATTY ACID COMPOSITION OF COMMON FATS AND OILS 


Unsaturated 
Saturated Fatty Acids, % 
Elaeo- 
Commercial Capric Caprylic Lauric Lignoceric — Myristic Palmitic Stearic stearic 
Fatty Acid Cj0H2902 CgH1602 C12H2402 C24H4g02 C14H2g02 C16H3202 C1gH3602 CisH3002 
Babassu Mest 6.5 45.8 19.9 6.9 Trace 
Castor 220 
Coconut 7.0 8.0 48.0 8.8 
Corn 0.2 325 
Cottonseed O25 2.0 
Hemp seed 8.6 
Herring 7.0 8.0 Trace 
Lard 2.0 Dee 11.4 
Linseed 0.1 0.2 5.6 Be 
Menhaden 7.0 16.0 1.0 
Murumuru 1.6 36.8 4.5 
Mustard Seed 1S 2-0 Trace 
Oiticica 6.5 Bes 5.0 
Oleic (red oil) 5.0 6.0 2.0 
Olive Trace 9.0 223 
Palm Trace TAO 4.0 
Palm Kernel UAV? Mitt 46.9 14.1 8.8 ‘bes 
Peanut 3.0 420 5.0 
Perilla Trace 
Rape Seed 1.0 eS 0.5 
Sardine 5.0 14.0 320 
Sesame 8.5 4.5 
Soybean Trace 6.5 4.5 
Sunflower 0.4 3.5 3.0 
Tallow (beef) 29.0 18.5 
Tung 4.0 1.5 
Walnut Trace 4.6 1.0 
Whale 8.0 11.0 225 
Tall Oil Crude—A 2.0 
Tall Oil Crude—B 2.0 
Tall Oil Refined 2.0 


* Clupanodonic acid is an important constituent in these unsaturated 
fatty acids. Stearic and palmitic acids also occur and, at times, 
jecoric acid as well. 
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Unsaturated Fatty Acids, % 


Palmit- Ricin- C20 Cp) 
Erucic Licanic Linoleic Linolenic Oleic oleic oleic unsaturated* unsaturated* Resin 


€22H4202 C1gH2g03 CigH3202 C1 gH3002 C1 gH3402 C1gH3403 Cy 2H7(22-x)O Acids 


18.1 
3.5 8.6 85.9 
2.5 6.0 
42.0 46.3 
43.5 33.0 
62.0 18.0 12.0 
13.0 9.0 18.0 20.0 25.0 
11.6 51.5 
24.0 45.0 21.0 
Trace 27.0 17.0 20.0 12.0 
0.4 10.8 
51.5 19.5 25.0 
78.0 9.0 5.0 
1.0 77.0 
6.0 82.5 
9.5 43.0 
0.7 18.5 
21.0 60.5 
38.0 46.5 8.0 
51.0 19.8 es 23.9 
15.0 10.0 12.0 22.0 19.0 
39.0 47.4 
52.5 Doe 33.5 
58.5 34.0 
3.0 46.5 
15.0 
73.0 3.3 17.8 
9.0 Trace 34.0 1220 
6.0 25.0 35.0 32.0 
36.0 Nil 33.0 29.0 
47.5 Nil 49.5 1.0 
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Cheaper and cruder fatty acid residues are in use 
where the flotation separation is a relatively simple 
one or where efficient modifying agents can be used 
to aid selectivity. Examples of the use of this type of 
flotation reagent include crude tall oil for flotation of 
phosphate rock and calcite, and saponified cottonseed 
oil foots for flotation of rhodochrosite. 

From the standpoint of cost and performance, the 
work horses for the flotation of non-sulfide and non- 
metallic minerals are oleic acid or ‘‘red oil’’, crude or 
refined tall oil and counterparts of the xanthates and 
AEROFLOAT Promoters used for sulfide mineral flo- 
tation. Their effectiveness in any particular non-metal- 
lic flotation application, however, depends on esta- 
blishing conditions that will effect modifications of 
the surfaces of the wanted and unwanted minerals so 
that selective flotation can occur. 

In other words, because of the characteristic lack 
of sufficient selectivity of the promoters presently 
available, the art of non-sulfide and non-metallic flo- 
tation is one of using optimum chemical environment 
and mechanical operating techniques together with 
addition of reagents to aid mineral separations. 


COMPOSITIONS, PROPERTIES AND 
SOURCES OF FATTY ACIDS 


In general, fatty acids are organic acids present 
usually as glycerides in various oils of vegetable, 
fish or animal origin. They are available commercially 
in both crude and refined forms. Table I lists the com- 
positions of some of the commercially available fatty 
acids that have been used either in the laboratory or 
in operating plants for flotation of non-sulfide miner- 
als. Data used in preparing this table were abstracted 
in part froman early technical article by J. A. Barr, 
Jr. (2), 

A fatty acid can be considered as a derivative of 
a hydrocarbon in which the -COOH radical has been 
substituted for a hydrogen atom in the hydrocarbon 
molecule. There are two classes: 

1. Saturated or paraffin series — CpH 29+;COOH 

2. Unsaturated or olefin series — C,H 2,- ; COOH 


In general, the most useful saturated fatty acids 
for flotation purposes are those with intermediate to 
higher chain lengths, ranging from lauric (C,;;H23COOH). 
The best-known member of the unsaturated class is 
oleic acid (C 17H 33COOH). 

Table II lists the water solubility of several 
saturated fatty acids. The lower members of the satur- 
ated class are miscible with water. With increasing 
chain length, solubility decreases rapidly. The lower 
members are too water soluble and the higher members 
too water insoluble to be useful in flotation. 


FATTY ACID FLOTATION RESULTS 


Gaudin, Clover, Hansen and Orr(6) have investi- 
gated the collecting power of various fatty acids on 
galena and pyrite. Test work on 100/600 mesh galena 
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with various saturated fatty acids showed a decreasing 
order of effectiveness: n-tridecy lic >n-lauric >n-unde- 
cylic>n-capric >n-nonylic >n-caprylic >n-heptylic > 
n-capronic>n-valeric. In other words, the longer the 
chain length, the better were the flotation properties 
of the fatty acid. 

The foregoing conclusions regarding the relative 
effectiveness of various members of the series of sat- 
urated fatty acids were confirmed by further test work 
by Gandin and his co-workers on malachite and cal- 
cite. Results of these tests are reported in Gaudin’s 
book ‘‘Flotation.’’ 6) 

Gaudin!) and his co-workers also made some 
studies on calcite and other carbonates with various 
unsaturated fatty acids. Tests on 65/100 mesh calcite 
showed that the effectiveness of the fatty acid increas- 
ed as its chain length was increased. They also noted 
that recovery was considerably increased when floating 
at 70°C, as compared with floating at 25°C. Even at 
25°C, oleic acid at 0.50 lb/ton gave as high recovery 
as 1.0 lb/ton of erucic acid at 70°C. 

Other investigators have studied the effects of 
saturated and unsaturated fatty acids on the flotation 
of various types of ores and minerals. The results of 
some of these studies may be summarized as follows: 


TABLE I 


Solubilities of Saturated Fatty Acids in Water 


Gram s/ 100 Number of 
Solubility Grams Water, at Carbon 
Acid. 20°Cs 60°C. Atoms 
Formic Infinite Infinite 1 
Acetic Infinite Infinite Z 
Propionic Infinite Infinite 3 
Butyric Infinite Infinite 4 
Valeric 5 
Caproic 0.968 6 
Enanthic 0.244 
Caprylic 0.068 0.113 8 
Pelargonic 0.026 0.051 9 
Capric 0.015 0.027 10 
Undecylic 0.0093 0.015 11 
Lauric 0.0055 0.0087 12 
Tridecanoic 0.0033 0.0054 13 
Myristic 0.0020 0.0034 14 
Pentadecanoic 0.0012 0.0020 15 
Palmitic 0.00072 0.0012 16 
Margaric 0.00042 0.00081 Wes 
Stearic 0.00029 0.00050 18 


(1) Hematite — Keck, Eggleston and Lowry (21) re. 
ported that the collecting power of various fatty 
acids tested on hematite was as follows: oleic> 
lauric>myristic>palmitic>caprylic. Oleic acid 
(unsaturated) was superior to the saturated fatty 
acids tested. 

(2) Magnetite — Keck and Jasberg(23) reported that: 


(a) Oleic, an unsaturated 18-carbon fatty acid was 


a better collector than stearic, a saturated 18- 
carbon fatty acid. 

(b) In tests with saturated fatty acids, longer 
chain products gave better results. 

(3) Imenite, Magnetite, Pyrite, Hematite, Rutile, 
Silicates — R. T. Hukki and O. Vartiainen (20) re- 
ported comparative tests run with palmitic (saturat- 
ed) and oleic, linoleic and linolenic acids (unsat- 
urated fatty acids with degrees of unsaturation in- 


creasing from 1, 2 to 3 double bonds, respectively). 


These four fatty acids were used to float ilmenite, 
magnetite, pyrite, hematite, rutile and silicates 
(hornblende, chlorite, biotite). 

Conclusions were: 

(a) All four fatty acids were collectors for ilmen- 
ite within a wide pH range. 

(b) Their collecting power for ilmenite, in the or- 
der of decreasing strength, was linoleic> 
oleic>linolenic>palmitic. 

(c) On magnetite, hematite, rutile, linoleic was 
also a stronger collector than oleic acid. 

(d) All four fatty acids acted as collectors for 
pyrite over a wide pH range. 

(e) The collecting power of these fatty acids on 
silicates was inferior to that on metallic 


oxides and was in the order of palmitic> 
linoleic>linolenic>oleic. 


(f) Laboratory tests on an ilmenite ore with sev- 
eral tall oils showed that those containing the 
highest content of linoleic acid gave the best 
flotation results. 


(4) Scheelite Ores — In the early 1940's various tung- 
sten producers in this country did a considerable 


amount of work to determine the most effective 

promoter for scheelite. Results of these investi- 

gations (private communications) showed that: 

(a) The solid fats, such as tallow, had little or 
no collecting power. 

(b) Linolenic and linoleic acids were the best of 
the fatty acids tested and were superior to 
oleic. Their effectiveness seemed to be relat- 
ed to the degree of unsaturation. 


(5) Phosphate Ore — Sun, Snow & Purcell (39) report- 


ed that tests on refractory leach zone aluminiferous- 


phosphate containing the minerals pseudowavellite, 

millisite and carbonate fluorapatite at 20/200 mesh 

showed that: 

(a) The collecting power of the various fatty acids 
on the phosphate minerals of this ore was in 
the order of linoleic >oleic>linolenic>stearic. 

(b) Their collecting power increased with increas- 
ing unsaturation of the hydrocarbon chain up 
to two double bonds. At this point, a further 
increase in the number of double bonds reduc- 
ed the collecting power. 

(c) Their collecting power on quartz increased 
with increasing saturation of the hydrocarbon 
chain up to one double bond. However, satu- 
rated fatty acids, including stearic and lauric, 
gave practically no flotation. In view of this, 


the authors concluded that linoleic, but not 
linolenic, was superior to oleic acid, and that 
the saturated fatty acids were useful for float- 
ing this ore. 

Summarizing the foregoing reported investigations 
on ores and various pure minerals, it would seem that, 
in general: 

(1) The unsaturated fatty acids are more effec- 
tive than the saturated fatty acids as flota- 
tion promoters for non-sulfide, non-metallic 
minerals. 

(2) In the case of both saturated and unsaturated 
fatty acids, the promoting power improves 
with increasing number of carbon atoms in the 
hydrocarbon chain. 

(3) The collecting power of the unsaturated fatty 
acids increases with increasing unsaturation 
upto two double bonds. After that, a further 
increase in the number of double bonds seems 
to reduce the collecting power. 

The effect of double bonds in the fatty acids com- 
monly used as promoters for various non-metallics, 
particularly the possible susceptibility of such bonds 
to oxidation during the aeration of the pulp in the flo- 
tation cell, has been a subject of considerable specu- 
lation. To study this effect, Gaudin and Cole (18) 
floated fluorite with oleic, linoleic and linolenic acids 
which contain one, two and three double bonds, re- 
spectively. They leached the adsorbed promoter with 
alcoholic hydrochloric acid and purified and analyzed 
the extract. Based on infrared examination and deter- 
mination of saponification number, iodine number and 
index of refraction of the extract, Gaudin and Cole 
concluded that the oleic and linoleic acid molecules 
or ions were not oxidized appreciably by air under the 
conditions encountered in fluorite flotation. If the 
flotation operation were repeated many times and if 
oxygen were used in place of air, some oxidation 
occurred. Linolenic acid, on the other hand, was al- 
tered measurably by aeration in a single flotation 
operation. 

These investigators further concluded that ‘* . in 
the case of fluorite and C-18 fatty acids having one or 
two non-conjugated double bonds, there is practically 
no change of the fatty acid molecule or ion during the 
flotation operation. It would appear, therefore, that 
the extraordinary utility of these reagents is related 
to some property of the compounds other than the 
oxidizability of their double bonds.’’ 


FATTY ACID SOAPS AND EMULSIONS 


Soaps and emulsions of various fatty acids have 
been widely used in non-sulfide flotation. Their 
principal advantages in neutral or alkaline pulps are 
greater dispersibility and ease of feeding in small 
quantities. Increased dispersibility is especially ad- 
vantageous at low temperatures. 

Of the various soaps, the sodium soap is most 
widely used in flotation. Potassium and ammonium 
soaps have been investigated and used commercially 
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in some instances. These soaps tend to create more 
froth than the sodium soaps, particularly at increased 
pulp temperatures. 

Aside from their greater dispersibility, the fatty 
acid soaps do not appear to be more effective promot- 
ers than the free acids. In treating very finely groumtd 
material, they may provide some added degree of 
selectivity. 

When alkali or ammonia is added to a fatty acid 
in an amount less than that required for complete 
saponification, emulsified fatty acids are produced. 
These emulsions are dispersions, not solutions. When 
added to the flotation pulp, they readily disperse and 
perform similarly to soaps. Because emulsified fatty 
acids generally do not create as much froth as soaps, 
they are often preferred for certain flotation uses. 

Fatty acid emulsions can also be prepared by 
adding an emulsifying agent such as a sulfated higher 
alcohol to the free acid. These have been investigated 
to some extent in the laboratory, but do not seem to 
have attracted much commercial attention. 


FATTY ACID RESIDUES, ‘‘FOOTS’’ AND ‘*PITCHES’’ 


These materials are the products that remain 
after the non-saponifiable glycerides, saponifiable 
oils and/or fatty acids have been removed. Their com- 
positions vary with the method used to extract the 
glycerides and fatty acids from the particular oil. They 
are usually viscous pastes, and are used generally in 
flotation as soaps which have been diluted with water 
to a sufficient extent to be easily fed. 

In the typical method for treating raw cottonseed 
oil to produce gylceride, fatty acid and waste by-pro- 
”? result from the 
“Twitchell process’’ in which non-glycerides are re- 


ducts, fatty acid residues or ‘‘foots 


moved from treated soap stock after glycerides have 
been extracted. Fatty acid still ‘‘bottoms’’ and 
“‘pitches’’ are the residues remaining after removal 
of the purified fatty acids by distillation. 


These various ‘‘ 


pitches,’’ ‘‘foots’’ and residues 
vary widely in their physical and chemical properties 
as well as in their flotation effectiveness. Because 
of the unreliability of their composition and effects, 
these by-products have attracted relatively little 
attention as flotation promoters. During World War II 
when supplies of fatty acids were scarce and expen- 
sive, considerable attention was given to these cheap- 
er, low-grade fatty acid mixtures and they were used 
in several plants with fair success. Amounts required 
were relatively large and selectivity, in general, was 
poorer than with the refined fatty acids, such as oleic 
and linoleic. 

Today, to the best of our knowledge, only one 
non-sulfide flotation operation in the United States 
continues touse one of these products, and there it is 
used in conjunction with a petroleum sulfonate pro- 
moter. 


SULFONATED AND SULFATED FATTY ACIDS 
During recent years, sulfonates of fatty acids 
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have attracted increasing interest. As might be ex- 
pected, the sulfonates generally show poor selectivity. 
Under certain conditions they will float sulfides as 
well as non-sulfides. Under controlled conditions, 
however, the promoters of this class exhibit selectiv- 
ity as well as strength. Like the sodium or potassium 
soaps, these products are either water-soluble or 
water-dispersible. Their degree of solubility or dis- 
persibility depends on chain length or degree of sul- 
fonation or sulfation. 

In sulfated and sulfonated polar/non-polar com- 
pounds, there are two active functional groups poss- 
ible, the -OSO3H (sulfate) and the -"SO3H (sulfonate). 
The difference between the two groups is in the sul- 
fur to carbon bonding in the molecule. In sulfates, 
the sulfur is bonded through oxygen to carbon. In 
sulfonates, the sulfur is bonded directly to the carbon. 

If the compound reacted has an unsaturated carbon 
chain or is an alcohol, the sulfate group will usually 
be added. However, if the compound reacted is aroma- 
tic, the sulfonate group will be added. Under drastic 
sulfonating conditions, certain hydrocarbons can add 
the sulfonate group. 

Ordinarily, the simple reaction between sulfuric 
acid and fatty acids such as oleic, linoleic, castor 
oil, refined tall oil, etc., will produce the sulfated 
fatty acid product. By custom and long usage, however, 
fatty acids reacted with sulfuric acid are usually 
called ‘‘sulfonated”’ fatty acids rather than ‘‘sulfated’’ 
fatty acids. Strictly speaking, this is a chemical mis- 
nomer, however. 

In acid circuits, sulfonated fatty acids, also the 
petroleum sulfonates, are strong, selective promoters 
for iron minerals. In flotation tests conducted at 
Cyanamid’s mineral dressing laboratory on deslimed 
iron-ore-washer fines with siliceous gangue, which 
assayed about 13% Fe, both fuel oil and sulfuric acid 
assisted grade and recovery when using sulfonated 
fatty acids. 

With oleic acid, alone, tests results showed that 
a recovery of 96.9% of the iron in a concentrate analyz- 
ing 39.7% Fe could be achieved at natural pH. The 
addition of acid and/or fuel oil lowered recovery to 
55.5% iron in one test (pH 6.9) and stopped flotation 
completely in two other tests (pH 2.8). When acid 
(pH 2.6) and fuel oil were added to sulfonated oleic 
acid, however, iron recovery was 95.4% in a concen- 
trate analyzing 56.4% Fe. (9) 

Sulfonated crude tall oil was almost equal in 
effectiveness to sulfonated oleic acid. Other fatty 
acid sulfonates tested, including ricinoleic, linseed, 
and undecylenic, were less effective. 


PETROLEUM SULFONATES 


This interesting class of compounds is represent- 
ed by the so-called ‘‘green acids” and ‘‘mahogany 
soaps”’ available as by-products from the recovery of 
lubricating oil from certain types of petroleum. Figure 
| illustrates a common method for recovering lubricat- 
ing oil and the resulting by-product ‘‘green acids’’ and 


“‘mahogany soap.”’ 

Originally investigated by Dr. W. E. Keck (2 ) of 
Michigan College of Mines and Technology, these 
flotation reagents were commercially developed by the 
American Cyanamid Company to fill the need for low- 
cost reagents that would promote iron-bearing miner- 
als selectively. These new flotation processes are 
covered by a series of patents (3-8), Petroleum sul- 
fonates are exce llent promoters for this purpose and 
also have shown considerable promise in the select- 
ive flotation of a number of metallic and non-metallic 
minerals. One such important application is remowing 
iron-bearing minerals and other impurities from glass 
sand and feldspar in order to meet specifications re- 
quired of the final product. 


Petroleum 


Add_ 66 Be' 
By-product Oil 


Sluages Add Oleum (Fuming H2S0,) 
Tars, etc. | 


White Mahogany Green Acid Sludge 

oil Oils (water sol. pet. 

(lubricating (eil sol. pet. sulfonates, 

oil) sulfenates, extracted by 
extracted with water wash) 
alcenels) 
Cempositien: Composition: 
Sulfonated Somewhat similar 
hydrocarbons te the oil sol. 
hydrocarbon oil pet. sulfonates. 
water sod. 
sulfate. 

FIG. 1 General method of treating petroleum for 


recovery of lubricating oils. 


Petroleum sulfonates are used in both acid and 
alkaline pulps. In treating iron ores and in up-grading 
glass sands where iron-bearing impurities are to be 
removed, these reagents are employed in an acid cir- 
cuit with pH about 2.0 to a pH as high as about 4.5. 
By controlling pH, certain iron-bearing minerals can 
be separated from each other. 

A water-soluble petroleum sulfonate, AERO Pro- 
moter 899, is used with fuel oil and sulfuric acid at 
several commercial iron flotation plants, including an 
operation in Michigan that treats a specular hematite 
ore. These commercial uses of petroleum sulfonates 
for iron ore treatment came after the process had been 
effectively demonstrated in laboratory and pilot plant 
tests on a variety of exidized iron ores including 
current Mesabi and old Mesabi tailings, Hastern mag- 
netite and martite and Mesabi taconite. 

The following procedure is typical for applying 
the petroleum sulfonate promoters. If the flotation 
feed contains an appreciable quantity of slimes, the 


amount of reagents required is decreased and better 
flotation efficiency is achieved by desliming. Follow- 
ing desliming, the flotation feed is thickened to 
65-75% solids and conditioned with AERO Promoter 
801 or 899 (petroleum sulfonates of the ‘‘green acid”’ 
type) and/or AERO Promoter 825 (an oil-soluble, 
water-dispersible petroleum sulfonate). Conditioning 
with a strong acid is often an important step in in- 
creasing the selectivity of the promoter and improving 
the metallurgy. Fuel oil, when used, is also added to 
the feed at this point. The quantity of AERO Promoter 
801, 899 or 825 required may range from one to four 
pounds per ton of dry solids, while the quantity of 
acid may range from 0.5 to 7.0 pounds and of fuel oil 
from 0.5 to two pounds per ton of dry solids. AERO- 
FLOAT (R) 31 Promoter is often used if an additional 
frother is required. After conditioning, the feed is 
diluted to 20% to 30% solids and sent to the flotation 
machines. The effect of varying the pH of the circuit 
by adding soda ash or caustic soda to the diluted pulp 
or additional acid to the conditioning step should be 
checked to effect optimum flotation results. 
Successful commercial application of these two 
types of promoters have also been made on other ores, 
including those of garnet, chromite, kyanite and 
spodumene. In the laboratory these reagents have also 
shown promise as promoters for beryl, ilmenite, schee- 
lite, wolframite, fluorite, anhydrite and magnesite. 


PARAFFIN CHAIN SALTS 
(SULFONATES AND SULFATES) 


In recent years, there has been considerable in- 
terest in the paraffin chain salts as promoters for 
non-sulfide flotation. Of the many informative publica- 
tions containing information on this subject, two should 
be mentioned: ‘‘Development and Use of Certain F lota- 
tion Reagents’’ by R. S. Dean and P. M. Ambrose“! 4) 
and ‘‘Principles of Flotation’’ by I. W. Wark and 
K. L. Sutherland. 34) 


NAPHTHENIC ACID 


Naphthenic acid and naphthenates have been used 
as promoters for certain non-sulfide minerals. This 
class of compounds has given interesting results in 
magnesite-dolomite separations (36) and also in the 


treatment of potash ores. (37) 


PRACTICAL ASPECTS — VARIABLES IN 


FLOTATION OF NON-SULFIDE ORES 


Flotation of non-sulfide minerals in even more of 
an art than sulfide flotation. Some of the operating 
variables that have to be considered include: 

(1) Nature and association of the mineral constituents 
and the condition of their surfaces. 

(2) Pulp density during conditioning and flotation. 

(3) Time of conditioning and flotation. 

(4) Temperature during conditioning and flotation. 
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(5) Intensity of conditioning with reagents added dur- 
ing this treatment step. 

(6) pH during conditioning and flotation. 

(7) Type, amount and point of addition of selectivity 
modifying agents. 

(8) Type and amount of promoter and point of addition 
in the flotation flow sheet. 

(9) Type, amount and point of addition of promoter ‘‘ex- 
tenders’’ such as fuel oil or other hydrocarbons. 


(10) Type, amount and point of addition of frothing agent 


(11) Type and number of flotation machines. 

Operating techniques to control these variables 
are so numerous and varied that they could well be the 
subject of separate technical papers. These variables 
are mentioned only to emphasize the fact that the suc- 
cess of non-sulfide flotation separations depends on 
many additional factors other than just the choice of 
a suitable promoter. 


SUMMARY 


During the many years of laboratory testing and 
commercial use of froth flotation for treatment of non- 
sulfide ores, many different types of fatty acids and 
their soaps and sulfonated products, as well as petro- 
leum sulfonates, naphthenic acids and other materials, 
have been investigated extensively. 

With few exceptions, most of the commercially 
operating plants today are using either crude or re- 
fined oleic acid or tall oil, or a petroleum sulfonate as 
the principal promoter. Over the years, these parti- 
cular reagents have been found to possess the com- 
bined virtues of promoter efficiency and tolerable 
selectivity, together with reasonable cost and ready 
availability. 

The successful application of these preferred pro- 
moters depends upon a number of interrelated factors. 
There is a need for more specific promoters for non- 
sulfide flotation. Interesting work on the development 
of improved reagents and more intelligent application 
of them has been done recently be investigators in 
this country as well as by researchers in Australia, 
England and Sweden. References to publications de- 
scribing this work are reported herein. 

The studies by these and other authorities and 
specialists in this attractive field for research are 
expected to stimulate further efforts to improve selec- 
tivity and eventually make it possible to attain for 
non-sulfide flotation the high degree of separating 
efficiencies and economies now common in sulfide 
flotation. 
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BELT CONVEYOR 


The problem of balanced design in a belt convey- 
or has been under constant study. Increased use of 
this method of transport inrecent years has stimulat- 
ed investigations. Conveyor belt, power transmission 
and other machinery should be adequate to perform 
the required service. All components of the belt con- 
veyor should work as an efficient unit moving its load 
continuously between terminals. 

As part of a long term research project on belt 
conveyors, Hewitt-Robins established in 1954 a 2- 
year grant at Pennsylvania State University. Under 
terms of the grant, certain fundamental phenomena 
were to be studied. This work evolved a new concept 
in belt conveyor power determination based on the 
principle of belt tension. The Penn State contract fur- 
nished the foundation for later more detailed studies. 
From these most recent investigations, more specific 
factors were defined. 

In the final analysis, all of the data collected 
has been worthwhile in belt conveyor design. Units 
now operate over long distances at speeds of over 
800 fpm. Long high lifts are commonplace. Where vert- 
ical or inclined shafts were the rule, belt conveyors 
receive first consideration. Although belt conveyors 
have moved forward rapidly, the future will see a tre- 
mendous gain in their use. 

The ideal test belt conveyor would be several 
thousand feet in length and have a maximum tension of 
at least 70,000 lb. Also, this conveyor should be hori- 
zontal andhave a variable feed rate of more than one 
material. Data fromsuch a field belt conveyor combin- 
ed with laboratory information would permit accurate 
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POWER STUDIES 
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analysis. Since this type of conveyor was not avail- 
able, many field locations were visited. An alternate 
would have been to erect a closed circuit system in 
the laboratory. Either method had limitations and the 
first was selected as having the best possibilities. 


CAPACITY — TONS PER HOUR 


36-IN. BELT CONVEYOR AT 

vj 7,000 515 FPM AND 3,000 FT, C-C 
16,000 
rs) 
{4,000 
z 
w 
3,000 
w 
= 
{ 2,000 
11,000 

100 200 300 400 500 600 700 
FIG. 1 Comparison of belt conveyor horsepower formulae 


used by four manufacturers under conditions of 


constant speed and length. 


Manufacturers of conveyor belting and machinery 
basically have been using the same horsepower for- 
mula. As more information became available from 
field installations, factors in the basic formula were 
modified. Practically all conveyors are designed to- 
day by adding together the horsepowers required to 
move the empty belt, move the load horizontally, and 
elevate the load. In selecting size of drive motor, 
the first two elements are relatively unimportant if 
the last is large. However, it is the combination of 


_ 

| | 


conveyor belting, machinery and drive, that determines 


optimum design of the installation and insures trouble- 
free operation. 


CONVEYOR LENGTH 


7,000 
36-IN. BELT CONVEYOR AT 


515 FPM AND 450 TPH 


4 


6,000 


4 


5,000 


3,000 


EFFECTIVE TENSION IN POUNDS 


4 
_ 


T 


500 1,000 2,000 3,000 4,000 


FIG. 2. Comparison of belt conveyor horsepower formulae 
used by four manufacturers under conditions of 
constant capacity and speed. 


CONVEYOR OPERATION ANALYSIS 


Before belt conveyors can be designed, it is nec- 
essary to understand certain principles of operation: 
1. Energy requirements for the belt conveyor are ex- 

pressed by 


Speed X Tension 
HP = 


33,000 
HP = Input horsepower to drive shaft 
Speed = Linear belt speed in feet per minute 


where 


Tension = Effective tension at drive pulley in 
pounds. 
Mathematically, the value for tension is obtained 
by adding together lift and friction. Lift or drop is 
height multiplied by weight of load and moving belt 
per foot. Friction is weight of load and moving 
parts multiplied by a composite factor. The com- 
posite factor is determined largely by average 
carrying strand tension. Other items influencing the 
selection of this composite factor include tempera- 
ture; idler tilt, spacing and skew; material carried; 
and loading conditions. 

2. Belt speed is determined by drive pulley center 
diameter and neutral axis of the belt at the drive 
pulley. 

3. Effective tension is a measure of the dynamic force 
in pounds required to move the loaded conveyor. 

4. Belt speed and tension both change gradually along 
the conveyor from the drive end to the tail, with 
speed at a minimum where tension is lowest. 

5. Initial slack side tension is required to prevent 
slipping between the drive pulley surface and the 
belt. 

The conveyor belt rides on troughing and return 
idlers which consume specific amounts of energy. This 
energy consumption is represented by so many pounds 


of tension imparted by the drive motor. At high loads, 
roller requires less force to turn than ball bearing 
idlers. Friction losses in bearings increase slightly 
with rotational speed. Thus for any conveyor, the 
power required to turn idlers is about the same per 
unit of length from head to tail. 


IDLER SPACING IN FEET 


DECK PULL PER IDLER IN POUNDS 


T 


FIG. 38 Force required to move belt over idlers for 
variable spacing as determined in the 


laboratory. 


I; = RETURN IDLERS 

ly = TROUGHING IDLERS 
B, = RETURN BELT 

M + B = LOADED BELT 


ws CARRYING STRAND 


ae 


————_ RETURN_ STRAND SS 
Ww 


aw 


Distribution of tension around a loaded horizontal 


FIG. 4 


belt conveyor. Counterweight is near the discharge. 


In addition to turning the idler rolls, the effective 
tension is used to move the loaded and empty belts. 
For the usual installation, this accounts for more 
than 80 pct of the power requirements, practically all 
being in the carrying strand. Where belt tension is 
highest, loaded belt moving energy requirements are 
at a minimum. This is evident when loaded belt action 
is observed at different locations from feed point to 
discharge. Where tension is low, the loaded belt de- 
flects or sags more than where tension is high. Toa 
lesser degree, this same action takes place on the 
return strand. Thus, unlike the friction losses in the 
idlers, the power required to move the loaded belt is 


not constant per unit of conveyor length. 


Design engineers have considered this non-linear 
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distribution of power requirements in a belt conveyor, damaging idler roll seals, greasing was not done 


at least on a qualitative basis. Modern high tension periodically at another test conveyor. If proper vents 
conveyors are installed with variable idler spacings; or fittings had been used, many bearing failures: 
distances being greater where tension is highest. It would have been avoided. At still another field in- 

is significant that tons per hour moved per horse- stallation, the grease fitting for a return idler was 
power is at a high efficiency on these conveyors. Per- located less than ] in. froma structural column. Even 
haps for other reasons, some handbook horsepower if this fitting could be reached, it is obvious that 
formulae use more favorable length factors as tension _ greasing will not be adequate. These are only a few 


of the specifications that should be checked carefully 
by the operator before the manufacturer installs the 
belt conveyors in mining and milling plants. 

Because of its convenience, and interest of the 
operator, one outside belt conveyor was tested six 
times. These power studies were in summer and 


increases. 


TOTAL LOAD ON IDLER BEARINGS IN POUNDS 


1 


TROUGHING warmup’’ time 


IDLERS 


winter. Of most importance was the 
during cold weather. Over four hours were required to 
bring the kw input down to design horsepower in 
freezing weather. This high power consumption was 
caused mostly by load deformation and not stiff grease. 
Even after several hours of warmup, the input power 
was over 10 pct more than average summer readings. 
This ‘‘warmup’”’ characteristic is one reason why mine 
belt conveyors are in a favored position. 

One rather elaborate installation used dual drive 


IDLER RUNNING RESISTANCE IN POUNDS 


FIG. 5 Variation in force required to tum two styles of pulleys. Motor horsepower was twice as much on the 
idlers for different magnitudes of bearing load. secondary pulley. Counting devices showed the 

secondary pulley speed 8 pct less than the primary. 

CONVEYOR DESIGN CRITERIA Both pulleys were of the same diameter. If this con- 


; ¢ veyor had operated as a geared tandem drive arrange- 
Many operational and maintenance problems : : 
E : ; : ment, lagging would be worn off in short order. Ten- 
associated with belt conveyors would disappear if a ; ; 
sion difference is proportional to speed. 

more precise initial design were possible. However, 


some apparent design deficiencies develop as a grad- 
ual operating process. These may involve idler rolls 


Takeup location on one slope conveyor was be- 
hind the head drive pulley. When the takeup was moved 
: : : to the tail, many belt and machinery troubles disappear- 
and assemblies, belt alignment and failures, drives ed. ‘The retum belt of die 
Initially, the takeup weight had to lift all the retum 


belt before effecting any slack side tension. Now when 


and takeup adjustments. A few examples will illus- 
trate some of these common difficulties. 
A 300-ft belt conveyor is used to convey coal 


The tail pulley shaft is adjustable by a screw takeup A few vather 
measured with the simple wheel tacometer. Placed on 
the troughing side, the tacometer indicates the oper- 
ating belt speed. If the instrument is moved to the 
head pulley, the speed increases. When the wheel is 
placed on the head pulley rim, the speed is less. 
From these speed measurements, the belt neutral axis 
can be located somewhere in the carcass. Since the 
entire thickness of the belt tends to move at the same 
speed, stretch and creep takes place on all pulleys. 
This is one reason why thicker conveyor belts require 
larger diameter pulleys. To minimize wear and other 
maintenance problems, the belt neutral axis should be 
close to the pulley surface. Also, where head drives 
will do the job, tandem or dual arrangements should be 
avoided. 


maintaining the proper amount of slack side tension 
to insure drive pulley operation. When installed orig- 
inally, the drive motor pulled about 80 pct of full 
load rating. This gradually increased until 6 months 
ago the motor failed. With a larger motor, the reducer 
failed. The answer is not in poor design but failure 
to appreciate a fundamental of conveyor operation. 
Total tension may come fromthe motor and takeup in 
varying amounts. When first installed, this ratio was 
four to one, but at the time of initial failure, was six 
to one. Thus, as the conveyor belt became older and 
more pliable, it stretched but did not necessarily 
lose strength. None of the difficulties outlined would 
have occurred if slack side tension at the takeup had 
been maintained. 

At one of the field belt conveyors studied, mater- 
ial was being carried successfully at 600 tph although 
designed for 450. No change was made from the origi- 
nal design to obtain this higher capacity but belt speed 
at the crown of the drive pulley was not considered in 1. Friction losses in the rotating idler rolls are depend- 
the original installation. Due to the possibility of ent on load, type bearing and speed to a small degree. 


The logical method of designing a belt conveyor, 
or analyzing an existing installation for possible capa- 
city, is by considering each component. 
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‘TEMPERATURE MULTIPLIER 
1.40 1.30 1.20 1.10 1,00 0.90 0,80 


10,000 _ 


AVERAGE TENSION - Pounde 
TEXPERATURE - Degrees F 


9020 0,025 0,030 0,035 
COMPOSITE FACTOR 


FIG. 6 Chart for finding the composite friction factor of 
belt conveyor. Before use in calculations, the 
temperature multiplier is applied to indicated 


factor. 


2. Force required to move the return belt varies with 
tension, type of belt and idler spacing. 

3. Carrying strand resistance is influenced by tension, 
belt load section, idler spacing, skew, and tilt. 

The sum of these three components expressed in 
pounds is a measure of the effective tension required. 
On relatively short conveyors, or units with high ten- 

sion bend pulleys, the terminal losses must be added. 
Also, changes in belt slope affect tension and must 
be added or subtracted. 

It is obvious that knowledge of tension at all lo- 
cations in a belt conveyor is imperative if an accurate 
analysis is to be completed. Unfortunately, the ten- 
sion cannot be measured at more than one location. 
However, a reasonably accurate determination is pos- 
sible by correlation with belt sag or deflection. If the 
belt acted as a suspended cable, the parabolic formula 


could be used directly. Since carcass construction 
causes the belt to act somewhat as an indeterminate 
structure, actual is less than calculated sag by a cer- 
tain per cent. For the most common type of belt con- 
veyor, the actual sag of the return strand is about 10 
pct less than calculated. This relationship can be 
used to estimate belt tension. 


CONCLUSIONS 


Although research results have provided a more 
substantial basis for belt conveyor design, successful 
application is dependent upon the judgment of the 
analyst. It must be decided if a certain spacing, idler 
roll, or belt construction is best for the conditions ex- 
pected. Not only is initial design important, but oper- 
ating conveyors must be analyzed before changes are 
contemplated. 

Investigations to date have been rewarding but 
many areas still require further study if the handling 
of mined materials with belt conveyors is to improve 
in accordance with needs. 

1. The starting of belt conveyors under load causes 
heavy stresses in conveyor components. 

2. Material transfer and feeding have an effect on load 
section, belt wear and power loss. 

3. Vertical curves at slope changes are arcs of radius 
circles, whereas the parabolic curve may provide 
better operation at places where belt slopes change. 

4. Because of functional peculiarities, decline con- 
veyors seldom operate as originally designed. 

5. The actual effect of terminal friction is unknown, 
preventing an efficient conveyor design. 

6. Belt conveyor mechanical power transmission sys- 
tems consume virtually unknown quantities of power. 

7. Little is known about the effect on load turbulence 
by material size, moisture and type of mined material. 


TABEEM! 


Specifications for Belt Conveyors Studied 


Ca- Con- 
Con- Ma- Width pacity Speed Belt struction Length Lift Motor 
veyor terial (in.) (tph) (fpm) (oz) (ply) (ft) (ft) (hp) Location 

1 Stone 18 70 156 32 5 113 33 7% Pa. 

2 Coal 36 300 3795 36 4 831 53 40 Pas 

3 Coal 36 600 435 28 Ae ees) 984, 13 60 Pa; 

4 Stone 48 1,050 490 Cotton Cord 818 Nes 250 Pa. 

D Coal 42 800 550 42 5 1,667 9 150 Il. 

6 Coal 48 1,150 485 Steel Cable 1,640 A477 750 Il. 

7 Coal 36 600 450 28 x9 425 32 60 Pa. 

8 Coal 36 670 455 28 7x95 239 23 30 Pa. 

9 Coal 36 500 528 36 4 3,612 —56 75 W. Va. 
10 Coal 36 500 500 36 4 753 —67 25 W. Va. 
11 Coal 36 500 500 36 4 1,112 —4 40 W. Va. 
WZ Coal 36 765 675 42 7x5 604 126 150 Pa. 

13 Stone 48 1,860 490 A2 6 308 86 200 N. Y. 
14 Ore 42 1,920 450 42 6 1,100 16 125 Ala. 
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TABLE II 


Conveyor Power Calculation 


Mine NUMBER 4 Inquiry No. 625 -C - 0981 

ocean PROGRESS, ILLINOIS Date OCTOBER 2, 1958 

Conveyor No. 5 Estimator U. R. WRIGHT 
Width: 30 in. Troughers: Style 240 Space: 6 ft. 
Length: 365 ft. ’ Returns: M - 241 Space: 18 ft. 
Lift: 60 ft. Extension Distance: — ft. 
Capacity: 400 tph avg Material: Limestone @ 100 lb/cu. ft. 
Capacity: 550 tph peak (tph) 400 

d= x 33.3 = 33 lb/ft. 

Speed: 400 fpm ee (fpm) 400 32.8 


Carrying Strand 


Troughers: 1830 lb = 61 x 30 lb 

Belt: 9920 365x8 

Load: x35 
0.03 x 16795 = 

Lift Belt: 8x60 = 480 

Lift Load: 33 x 60 = 1980 

Return Strand 

Belt: YOM) Wey, 
se = 100 

Drop Belt: 8 x 60 - 480 


Terminals (add 5 pct to total) 


Total Effective Tension: 


504 Ib 


2460 
+2964 lb 


-380 


+200 


2784 lb. 


Estimated Average Tension 


Friction Tension: 
Slope Tension: 


Effective Tension: 
Slack Side Tension: 


Tail Tension: 


Average: 


Motor hp = 2784 (Te) x 400 (fpm) , 1.075= 36.3 hp 


33,000 


Belt: 2784 (Te) +1400 (Ts) = 
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4184 


1980 Ib. 
1400 lb. 
1000 lb. 
5080 
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LARGE-SCALE LABORATORY INVESTIGATION 
OF THE AMMONIUM SULPHATE LEACHING- 
HYDROGEN REDUCTION PROCESS AS APPLIED 
TO NICARO BULK PRECIPITATES 


INTRODUCTION 


Battelle Memorial Institute participated in a pro- 
gram for the General Services Administration aimed at 
developing a nickel-cobalt separation process that 
could be integrated in the Nicaro nickel plant. At the 
time the programwas being carried out, the Nicaro pro- 
cess was a straight-through operation, in which the 
ore was reduced and leached, after which the pregnant 
solution was boiled to produce a so-called ‘‘bulk pre- 
cipitate’’ which contained virtually all of the nickel 
and cobalt which had been dissolved in the leaching 
step. 

The weight ratio of nickel to cobalt in Nicaro ore 
is approximately 15 to 20:1. The weight ratio of nickel 
to cobalt in the finished product had to be 100:1 or 
higher to meet specifications. Because the Nicaro 
process embodied no nickel-cobalt separation step, 
the only way that a bulk precipitate of the specified 
nickel:cobalt ratio could be produced was to so adjust 
roasting and leaching conditions that nickel would be 
selectively leached and most of the cobalt would be 
rejected with the tailings. 

The required selectivity, however, was achieved 
at the expense of nickel recovery, which was 5 or 
more per cent less than might have been obtained with 


J. F. SHEA is Div. Consultant, and O. F. 
TANGEL is Chief, Minerals Beneficiation Division, 
Battelle Memorial Inst., Columbus, Ohio. TP 59B113. 
Manuscript, Mar. 16, 1959. AIME Trans., Vol. 217, 
1960. San Francisco Meeting, February 1959. 


J. F. Shea and O. F. Tangel 


the existing equipment, utilities, man power, etc., 

had selectivity been no object. 

The over-all purpose of the program was to 
develop a separation step that could be fitted into or 
onto the Nicaro facilities and which would permit the 
manufacture of a product that would meet the desired 
specifications and still permit the recovery of a maxi- 
mum amount of nickel. 

Battelle suggested that this might be accomplish- 
ed by reprocessing off-specification bulk precipitate 
and specifically suggested the process based on 
ammonium sulphate leaching followed by hydrogen 
reduction of the leach solution according to techniques 
developed commercially by Sherritt Gordon Mines Lim- 
ited. Such a process would not only satisfy the ob- 
jectives of the research but would present two addi- 
tional advantages. 

(1) It would produce a separate cobalt product which 
could be further processed into metal, alloys, 
oxides, or salts. 

(2) It would yield nickel in metallic form which might 
be more generally marketable and command a 
slightly higher price per unit of nickel than the 
Nicaro oxide product. 


DESCRIPTION OF THE PROCESS 


Figure 1 is a flowsheet of the process. The essen- 
tial features are: 

(1) Extraction of about 97 per cent of the nickel and 
about 85 per cent of the cobalt from bulk precipi- 
tate by a principal leach with ainmonium sulphate 
solution (Step A). Extraction of virtually all of 
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the remainder of the nickel and cobalt from the pri- 
mary leach residue by a secondary leach with dilute 
sulphuric acid (Step C). 


Bulk precipitate 


Ammonium sulphate leaching (A) J 


Solids-liquids separation (B) 
Residue | Filtrate 


Sulphuric acid —e Sulphuric acid leaching (C) 


Ammonia removal (E)( Laboratory 


expedient ) 
Filtration (F) 


Tailings 


Ammonia ————=— Adjustment of ammine: metal ratio (G) 
Ait. ——————_——_= Oxidation (H) 
Oxidized solution storage (1) 


Ferrous ammonium sulphate nickel} reduction 
Hydrogen 


Solids-liquids separation (K) 
Nickel powder 


product 
Reduced solution storage (L) 


Hydrogen sulphide ———sm= Mixed sulphide precipitation (M) 


Filtration (N) 
Mixed CoNi 
sulphides 


Recycled ammonium 


sulphate solution 
Bleed-off 


Crystallization (0) 


Ammonium sulphate 
crystals 


FIG. 1 Diagrammatic flowsheet of the ammonium 


sulphate leaching-hydrogen reduction process. 


(2) Purification of the combined leach liquors to elim- 
inate substances that might contaminate the nickel 
product. In the laboratory experiments, purification 
involved the removal of iron (Step E) and the oxi- 
dation of unsaturated sulphur (Step H). In commer- 
cial application, iron removal would not be 
necessary. 

(3) Recovery of nearly all the nickel as a high-purity 
metal powder, by selective reduction with hydrogen, 
leaving most of the cobalt in the ‘‘reduced’’ solu- 
tion (Step J). 

(4) Recovery of the small amount of unreduced nickel 
and most of the cobalt from the ‘‘reduced’’ solution, 
as a mixed nickel-cobalt sulphide product, by pre- 
cipitation with hydrogen sulphide, leaving a ‘‘metal- 
free’? ammonium sulphate solution (Step M). 

(5) Return of the ‘‘metal-free’’ ammonium sulphate so- 
lution to the primary leach, after having removed 
enough of it from the circuit to maintain the ammo- 
nium sulphate in the system at a constant level. 
This bleed-off of metal-free solution is necessary 
because ammonium sulphate is generated in the 
process, originating from sulphur in the bulk pre- 
cipitate, from sulphuric acid used in the secondary 
leaching step and from ammonia required to neu- 
tralize this sulphur. 

(6) Recovery of the small tonnage of ammonium sul- 
phate from the ‘‘bleed-off’’ solution by crystalliza- 
tion (Ste pO). 
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Products would be: 

(1) Nickel metal in powder form of sufficient purity to 
meet the National Stockpile Purchase Specifica- 
tion P-36-R for electrolytic or briquetted nickel. 
The metal powder could be sold as such, or could 
be processed by conventional techniques into 
briquettes, ingots, or shot. 

(2) A mixed sulphide precipitate containing about 5 
per cent of the nickel and 90 per cent of the cobalt 
fed to the process. The nickel:cobalt ratio in this 
precipitate might range from 1 to 2 to 2 to 1, de- 
pending on operating conditions and on the amount 
of cobalt involved. Such a precipitate could be 
sold as such or could be further processed by 
known methods to yield mixed nickel-cobalt 
metal, or separate cobalt and nickel metals, 
oxides, or salts. Sherritt Gordon has developed 
several processes for treating this material to 
produce mixed metal or cobalt metal and is 
currently operating a plant using one of the pro- 
cesses to produce over 1000 pounds per day of 
pure cobalt. 

(3) Ammonium sulphate that would amount to about 
1/3 to 1/4, by weight, of the nickel production. 

The reagents necessary to carry out the process 
would be few, and reagent consumption should be 
relatively low. An idea of reagent requirements is as 


follows: 
Pounds/Ton 

of Nickel 
Sulphuric acid 60-70 
Ammonia 160-250 
Hydrogen 100-130 
Hydrogen sulphide ca 100 
Ferrous ammonium sulphate hexahydrate 10 


GHEMISTRY OF PROGESS 


COMPOSITION OF THE BULK PRECIPITATE 


Table I shows a typical analysis of the bulk pre- 
cipitate being produced at Nicaro in 1956. As shown 
in the table, the nickel:cobalt ratio is about 80 to 1. 
There is an appreciable amount of sulphur in the 
material. Most of this sulphur probably came from the 
high-sulphur fuel oil used at Nicaro for carbonating 
the leach liquors. Part of this sulphur is present in 
the form of a basic nickel sulphate, part as ammonium 
sulphate, and part as some unsaturated sulphur com- 
pound such as thiosulphates or polythionates. 

The proposed process would have to treat bulk 
precipitates containing considerably more cobalt than 
those listed in Table I, because when conditions for 
maximum nickel extraction are employed more cobalt 
goes into solution. A bulk precipitate made from a 
process operating for maximum nickel extraction 
might contain nickel and cobalt in approximately the 
same ratio as they exist in the ore, viz. 15:20:1. 

The analyses shown in Table | are for dried bulk 
precipitate, which constituted the feed to most of the 
experimental runs. Drying, however, is not necessary, 


and wet filter cake would also be an acceptable feed. 


TABLE I 


Typical Analysis of Currently Produced (1956) 
Nicaro Bulk Precipitate after drying at 220° F. 


Per Cent by Weight 
(a) (b) 


Ni 40.0 
Co 0.48 0.58 
Fe - <0.01 
Cu <0.1 
Mn << 
Zn — 0.27 
Mg — 0.16 
Ca — <0.01 
NH3 
Total S 
Sulphate - 
Unsaturated S 26 0.18 
= 
Si09 0:23 
L.O.I1. (950 C) 49.4 34.3 


1) The analyses shown in Column (a) were after a 
short period of drying at 220 F, that in Column (b) 
after drying was as complete as desired. 


AMMONIUM SULPHATE LEACHING STEP 


Practically all of the nickel in bulk precipitate 
occurs as basic nickel salts, chiefly carbonates and 
sulphates. From a chemical viewpoint, the compo- 
nents of these two basic salts may be assumed to be 
nickelous hydroxide, nickelous carbonate, and nickel- 
ous sulphate. 

The reactions involved in the leaching step are: 


Ni(OH) 2 + (NH 4)2SO04 — Ni(NH3)2SO4 + 2H20 (1) 
NiCO3 + (NH4)2SO4 Ni(NH3)2SO04 +CO2+H20 (2) 


NiSOg (solid) + NiSO4 (in solution) . (3) 
As shown in Equations (1) and (2), the nickel 
hydroxide and nickel carbonate react chemically with 

ammonium sulphate, converting ammonium to nickel 
ammine containing 2 moles of NH3 per mole of nickel. 
The nickel sulphate component in Equation (3), how- 
ever, does not react with ammonium sulphate. Con- 
sequently, when bulk precipitate containing a nickel 
sulphate component is dissolved in ammonium sul- 
phate solution, the molar ratio of NH3 in the leach 
liquor will be less than 2 to 1. 

If the cobalt does occur as cobaltous basic car- 
bonates and sulphate, it will undergo the same reac- 
tions as nickel. 

Iron, a very minor and accidental component, 
would not dissolve unless present in the ferrous state. 

Manganese, copper, and zinc probably dissolve by 
the same mechanism as that presented for divalent 


nickel. The copper in this sample of bulk precipitate 
was extremely low. If copper in excess of 0.1 per cent 
should be present, it might be necessary to include a 
copper stripping step in the process to prevent un- 
desirable contamination of the nickel product. A com- 
mercial method for copper stripping has been developed 
by Sherritt Gordon. 

Magnesium is probably soluble completely as is 
sulphur in all its states of oxidation. 

The carbonate radical is converted to carbon di- 
oxide which is evolved from the solution. 


CHEMICAL CONDITIONS FOR LEACHING 


A satisfactory set of conditions for leaching is 
as follows: 
200-210 F 
350-500 g/l 


Temperature 

(NH4)2SO4 concentration 
in leach solution 

Weight ratio(NH4)2SO4:Ni 6:1 and preferably higher 

Leaching time 15 to 120 minutes 


These conditions are not necessarily optimum but 
permit extracting from95 to 99 per cent of the nickel 
in 15 minutes. Cobalt extraction is slower or less com- 
plete than that of nickel. Under the conditions, cobalt 
extractions ranging from about 83 to 97 per cent can 
be obtained, depending on the retention time and on 
the ammonium sulphate concentrations. Longer leach- 
ing time and higher ammonium sulphate concentration 
favor the extraction of more cobalt. 


COMPOSITION OF THE LEACH S OLUTION 


A typical analysis of leach solutions prepared 
according to the proposed process is as follows: 


g/l 
Ni 40-50 
Co 0.5 to ca 2.5 depending on Co 
content of bulk precipitate 

Cu <0.1 

NH 3 total 100 to 130 

NH3, free ca 25 to 30 

S, total 100 to 130 


<0.1 to ca 2 depending on the 
degree to which unsaturated 


S, in thiosulphates 


& polythionates 
sulphur compounds are de- 
stroyed in drying 

Slightly less than 2.0 


Mole ratio of 


NH3 to Ni + Co 


A solution of this composition is similar to 
Sherrit Gordon solutions after copper has been removed 
and which are ready to be processed for nickel and co- 
balt recovery. The major difference is that Sherritt 
Gordon solutions contain ammonium sulphamate, 
(NH4SO3NH which originates from obscure reac- 
tions involving the oxidation of sulphides. The pre- 
sence of this material in Sherritt Gordon solutions 
necessitates a high-temperature hydrolysis treatment 
to convert the sulphamate to sulphate. This step is 
not required in treating the Nicaro pregnant liquors. 
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A minor difference is that the ratio of NH3 to 
nickel plus cobalt is slightly less than 2 in solutions 
prepared according to the process, whereas in Sherritt 
Gordon solutions this ratio is about 2.2, which is 
optimum for reduction. The slightly low ratio in 
Nicaro solutions is due to the fact that the small 
amount of nickel sulphate which is present in the bulk 
precipitate dissolves in the leach solution and does 
not react with ammonium sulphate to produce NH3. 


NATURE OF THE LEACH RESIDUE 


A residue which is the result of leaching the 
currently produced bulk precipitate with low cobalt 
in ammonium sulphate solution will, after drying at 
220 F’, have the following approximate analyses: 


Per Cent 
Ni 25 to 35 
Co 0.8 to 1.1 
Fe 203 11/5) 
SiOz 10 to 15 


It will amount, in weight, to about 2 per cent of 
the weight of the bulk precipitate. 


SULPHURIC ACID LEACHING 


When it was found that the nickel and cobalt in 
the residue from ammonium sulphate leaching could be 
dissolved almost completely in dilute sulphuric acid, 
an arbitrary procedure was adopted, wherein the 
residue was leached in 10 per cent (by volume) acid 
at a temperature of about 150 F. 

It is likely that more dilute acid and a lower tem- 
perature would be just as effective. The chemistry in- 
volved is that of simple decomposition of oxides or 
hydroxides by acid. If, however, cobaltic or nickelic 
compounds are present, dissolution might not be as 
rapid or complete. 


IRON REMOVAL 


As stated previously, the iron-removal ste p would 
not be necessary in practice. It was included in the 
laboratory flowsheet to eliminate the small but per- 
haps significant amount of iron introduced by corro- 
sion of the mild steel filter. 


ADJUSTMENT OF THE AMMINE:METAL RATIO 


The nickel sulphate component of the bulk pre- 
cipitate, plus small ammonia losses during leaching 
with ammonium sulphate, combine to bring about a 
condition in which the molar ratio of NH3 to nickel 
in the pregnant solution is approximately 1.8:1. The 
optimum ratio for nickel reduction is about 2 to 1 or 
slightly higher. Adjustment of the solution to a some- 
what higher ratio than this is accomplished by adding 
ammonia. The reaction involved is: 


Ni(NH3)1.g°° + 0.5NH3 (4) 
(4) 
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SUBSEQUENT PROCESSING BY OXIDATION, 
NICKEL REDUCTION, ETC. 


The chemistry of these steps is essentially that 
of the Sherritt Gordon process. The main difference is 
that no ammonium sulphamate is encountered in solu- 
tions made by leaching Nicaro bulk precipitate. This 
makes unnecessary the high-temperature hydrolysis 
step which Sherritt Gordon must employ to convert sul- 
phamates to sulphates. The chemistry of these steps 
has been amply described in previous articles.(1»2,3, 4) 

In brief, the purpose of the oxidation step is to 
convert unsaturated sulphur ions, such as thiosul- 
phate, to sulphate. If allowed to remain in the solu- 
tion, unsaturated sulphur compounds would, in the 
nickel reduction step react with nickel to precipitate 
nickel sulphide which would contaminate the product. 
They are eliminated by heating the solution at 300 to 
350 F with an overpressure of air so that the total 
pressure is 500 to 700 psig. The typical reaction in- 


volved is 
S203 = + 207 + H20 — 2804 = + 


The data for unsaturated sulphur in Table I show 
that most of the unsaturated sulphur was destroyed by 
drying to constant weight at 220 F. Longer drying 
periods or higher temperatures might reduce unsaturat- 
ed sulphur to the point where oxidation by autoclaving 
would be unnecessary. 

In the nickel reduction step the purified solution 
is autoclaved at 350 to 400 F with hydrogen at a 
total pressure of about 500 psig, in the presence of a 
nickel catalyst. As a result, nickel is reduced accord- 
ing to the equation 


Ni(NH3)2** + Hz > Ni + 2NH 4** (6) 


Cobalt also can be reduced by this mechanism, 
but with proper conditions and operating techniques, 
the reduction can be made highly selective for nickel, 
leaving most of the cobalt and only a little of the 
nickel unreduced. 

The mixed sulphide precipitation involves merely 
the precipitation of unreduced nickel and cobalt from 
solution as sulphides by adding hydrogen sulphide 
gas. After this operation, the solution is virtually a 
metal-free ammonium sulphate solution. 


EQUIPMENT 


Leaching was done in an electrically heated 
agitated stainless steel tank with a working volume 
of 80 liters. The tank was covered and fitted with re- 
flux condensers to minimize ammonia losses. Oxida- 
tion and nickel reduction were done in an electri- 
cally heated, 5-gallon stainless steel autoclave with 
conventional fittings and instruments. When the auto- 
clave was used for oxidation, which required the con- 
tinuous passage of air through the solution, a reflux 
condenser was connected to the air discharge line. 
Filtration was done on a mild steel laboratory pressure 


filter. Various other tanks for storage, mixed sulphide 
precipitation, etc., were similar in design to the leach- 
ing tank. 

A pressure filter with an area of 0.5 square foot, 
constructed of mild steel and fitted with electrical 
resistance strip heaters was used for all major filtra- 
tion services. 

The 5-gallon electrically heated autoclave used 
in the oxidation and nickel reduction, was fitted with 
the usual cooling coils charging and discharging 
ports, various gas lines, sample lines, pressure gages, 
etc. To conserve ammonia during the oxidation step 
when air must be blown through the solution, the air 
line was provided with a condenser. 


EXPERIMEN TAL PROCEDURE 


In commercial practice, all the steps of the pro- 
posed process, except nickel reduction would be con- 
tinuous. The scope of this work did not justify the 
large scale of operation and expensive equipment that 
would be necessary for continuous operation. The lab- 
boratory work was accordingly done on a batch basis. 
To provide some data on the effect of the build-up of 
impurities in the system, the experiments were done 
in six cycles. In each cycle, a batch of the bulk pre- 
cipitate dried at 220 F and weighing up to about 7000 
grams was leached by the dual treatment with ammo- 
nium sulphate solution and sulphuric acid. The result- 
ing solution was subjected, again on a batch basis, to 
all the steps of the process. The resulting end solu- 
tion or metal-free solution, obtained after the precipi- 
tation of the mixed sulphides was used for leaching 
in the next cycle. 

Six cycles were run. Four of these were on a full 
scale (corresponding to the treatment of approximately 
7000 grams of dried bulk precipitate per cycle) and pro- 
vided most of the metallurgical data. The last two 
cycles which were run on 1000-gram charges of bulk 
precipitate, were intended only to extend the data on 
the build-up of impurities in the circulating metal- 
free solution. 

The procedure used in each cycle followed the 
flowsheet shown in Figure ] with these exceptions. 

(1) Cobalt ammine sulphate was added to the com- 

bined ammonium sulphate and acid leach preg- 
nant solution in Step G, to increase the co- 
balt concentration of the pregnant solution 

to the range that might be expected if high- 
cobalt bulk precipitate were leached. 

(2) There was no bleed-off of the ammonium sul- 

phate solution to the crystallization step (O). 
This was because ammonium sulphate losses 
were so high that all of the solution had to be 
recycled to the leaching step in the subsequent 
cycles. The losses occurred chiefly because 
of filtering and washing difficulties peculiar 

to the laboratory technique and equipment, 
which were not solved in the program. These 
problems would not exist or would be relatively 


minor in commercial operation. 


RESULTS 


EXTRACTION OF NICKEL AND COBALT 


The extractions obtained were excellent. In all 
cycles, the ammonium sulphate leaching dissolved 
about 97 per cent of the nickel and upwards of 85 per 
cent of the cobalt. Secondary leaching with sulphuric 
acid dissolved virtually all of the remainder of nickel 
and cobalt. Over-all extractions in the dual treatment 
were in excess of 99,9 per cent. As pointed out ear- 
lier, the bulk precipitate treated was the low-cobalt 
product turned out by the Nicaro plant which was the 
only material available in sufficient quantity for these 
tests. 

Leaching experiments on a synthetic high-cobalt 
bulk precipitate indicated that virtually all of the 
nickel in this material could be extracted by ammo- 
nium sulphate and sulphuric acid leaching. These tests 
also showed that cobalt extraction was somewhat less 
complete or, perhaps, slower from high-cobalt material 
than from the conventional bulk precipitate. However, 
even if the cobalt in high-cobalt bulk precipitate were 
leached to the extent of only 50 per cent, the insoluble 
portion could be recovered by treating the leach residue 
which would amount to only a few per cent of the weight 
of the feed to the process and which would contain 60 
or more per cent of cobalt. 


AMOUNT OF LEACH RESIDUE 


In the experimental work, no weights were obtained 
on the final leach residue because large amounts of 
filter aid were employed in filtration. On the basis of 
small-scale experiments, it is estimated that the final 
residue after the dual leach amounted to only a few 
tenths of a per cent of the weight of the original feed. 
Even if a high-cobalt bulk precipitate had been used 
in these tests and even if only half of the cobalt had 
dissolved, the insoluble residue would not amount to 
more than 2 per cent of the feed weight. 


OF AMMONIUM SULPHATE 
LEACH SLURRY 


FILTRA TION 


Filtration of this slurry which contained only a 
few tenths per cent of solids on the laboratory pres~ 
sure filter was slow and unsatisfactory. It now seems 
likely that this troublesome step could best be done 
by centrifuging which has been applied successfully 
on a commercial scale to similar clarification problems. 


OXIDATION 


The solutions made by dissolving bulk precipitate 
in ammonium sulphate and sulphuric acid responded 
in the same way as Sherritt Gordon solutions to the 
oxidation step. Unsaturated sulphur was almost com- 
pletely eliminated by autoclaving with air at 350 F 
and 600 psig for 60 minutes. 
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REDUCTION OF NICKEL AND COBALT 


Table 2 gives the analyses of the pregnant solu- 
tion fed to reduction; of the reduced solutions; and 
the extent of reduction of nickel and cobalt, as cal- 
culated from these analyses. Approximately 95 per 
cent of the nickel was reduced to metal with such 
selectivity that more than 90 per cent of the cobalt 
was left unreduced and retained in solution. 

No special provisions had to be taken to achieve 
this selectivity other than those which are commonly 
employed in the Sherritt Gordon process. These con- 
sist merely of maintaining a molar ratio of NH3 to 
nickel plus cobalt of about 2:1, and of stopping the 
reduction when the nickel content of the solution 


reaches about 2 grams per liter. 


TABLE II 


Extent of Reduction of Nickel and Cobalt to Metal 
Calculated from Analyses of Solutions and Material 
Balance Data 


Composition Composition Calculated(a) 

of Reduction Feed of Reduction End Percentage of 
Cycle Solution, g/1 Solution, g/1 Reduction 

No. Ni Co Co Co 

43.08 1032560) 1089454 4.3 


(a) Calculations are based on assumption that sulphur does 
not precipitate in nickel reduction and that changes in 
solution volume in the reduction operation reflects in 


the sulphur assay. 


WEIGHT AND GRADE OF NICKEL POWDER 


Table 3 shows the weight and grade of nickel 
powder produced in the program. It also shows the Na- 
tional Stockpile Purchase Specification P-36-R for 
electrolytic and briquetted nickel. The powder pro- 
duced easily met the specification for iron, carbon, 
and cobalt. However, it barely excelled the specifica- 
tion for nickel plus cobalt, in all cycles running con- 
sistently 99.5 or 99.6 per cent. Subsequent spectro- 
graphic analysis of the powder showed that the total 
remaining impurities, which were Ca, Mg, Zn, Cu, and 
Ti amounted to less than 0.03 per cent. 

It was concluded that the missing 0.2 to 0.3 of a 
per cent was accountable either by analytical error, 
or by the actual presence in the nickel powder of 
oxides or moisture and a small amount of hydrogen. 
These would be removed by the conventional sintering 
technique used in the production of nickel briquettes. 

Microscopically, the nickel powder is similar to 
the commercial product. 


RATE OF NICKEL REDUCTION 


The reduction rates were satisfactory and are 
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comparable to those obtainable on Sherritt Gordon 
solutions under the conditions employed. Reduction 
times of the thirty reduction batches made ranged from 
30 to 90 minutes and are typical of those obtainable 
with the autoclave and type of agitation available. In 
a commercial operation, reduction would require only 
about 20 to 30 minutes per batch. 


TABLE III 
Weights and Analyses of Nickel Powder 


Weight, Analyses, per cent 
grams Nit+tCo Co Fe GC S 
Cycle 1 1204 99.6 0.2 0.03 0.03 0.02 
Cycle 2 2895 
Cycle 3 2808 No analyses made 
Cycle 4 2918 
Total 9825 99.6 0325 50202 
National Stockpile 99.5 1.0 0.25 0.10 0.02 
Purchase Speci- min. max. max. max. max. 


fication P-36-R 


PRECIPITATION AND FILTRATION 
OF THE MIXED SULPHIDES 


Table 4 shows the results of the mixed sulphide 
precipitation step. The precipitation of cobalt and 
nickel was virtually complete. 

The filtration was troublesome in the laboratory 
equipment. Proper techniques for carrying out this fil- 
tration and washing have been developed for commer- 
cial operation. 

The low nickel cobalt concentration of the mixed 
sulphide precipitates was due to the fact that they were 
not washed and consequently contained large amounts 
of ammonium sulphate. With proper washing techniques, 
the total metal (Ni + Co) content of the mixed sul- 
phide precipitate could have been increased to over 
30 per cent. 


TABLE IV 


Results of Mixed Sulphide Precipitation 


Analysis of Dried Analysis of Metal-Free 
Feed Weight Filter Cake, Solution 
Solution, g/1 of Cake, % Analysis, g/1 
Cycle Ni Co grams Ni Co Ni Co 
2 2184 4.95 6.84 <0.01* <0.01 
2.60 2.34 2806 6.05 


* See footnote, Table 5. 


BUILD-UP OF IMPURITIES IN THE SYSTEM 


One of the specific objectives of the work was 


= 


to determine the extent to which impurities would 
build up in the cyclic system. 

This was realized by obtaining complete quanti- 
tative spectrographic and partial chemical analyses 
on the end solutions from Cycles 1, 2, 3, and 4. Two 
additional cycles (Cycles 5 and 6) were run to extend 
the data using the metal-free solution from Cycle 4 to 
leach in Cycle 5. Thise extra cycles were smaller in 
scale than the four main cycles (10 liters versus 70 
liters). 

Table 5 shows the analyses of the metal-free 
solutions from Cycles ] through 6. 

As shown in the table, the only elements that 
build up to any significant extent in the cyclic runs 
were calcium, manganese, and magnesium. 

Calcium build-up was small, amounting to only 
0.11 gram per liter after the six cycles. Manganese 
accumulated to the extent of 0.12 gram per liter after 
5 cycles, but dropped to 0.03 gram per liter in the 
metal-free solution from Cycle 6. This may have been 
due to a better removal of manganese in the mixed sul- 
phide precipitation step in Cycle 6. 

The accumulation of calcium and manganese in a 
cyclic circuit should occasion no difficulties in a 
practical operation. Calcium up to 0.2 to 0.3 gram per 
liter can be tolerated before a troublesome calcium 
sulphate precipitate would be encountered in the high- 


temperature operations of the process. There is no his- 
tory on the behavior of manganese, but it is believed 
that the small amount fed to the circuit in the bulk 
precipitate would automatically be maintained at a low 
and noninterfering level by the combined effect of the 
mixed sulphide precipitation step, which should remove 
some of it, and by the bleed-off of some of the metal- 
free solution to ammonium sulphate crystallization. 

Magnesium build-up in the cyclic runs was con- 
tinuous and significant. After 6 cycles, the magnesium 
concentration was ].3 grams per liter and rising. There 
was no evidence that it interfered with the operation 
or the metallurgy of the process in any way. A spectro- 
graphic analysis of the nickel produced in Cycle 6, 
when the magnesium concentration was at its highest, 
indicated that less than 0.005 per cent of magnesium 
contaminated the metal. The process would not be im- 
paired in any way if the magnesium concentration in 
solution were about 1.3 grams per liter. 

Calculations show, however, that with a bulk pre- 
cipitate of the composition used in these experiments, 
magnesium would build up to a concentration of about 
5 grams per liter and be held at that point by the con- 
tinuous bleed-off of solution to remove excess ammo- 
nium sulphate. Conceivably, high magnesium could 
have an adverse effect. 


TABLES 


Analysis of Metal-free Ammonium Sulphate Solutions — 
From Cycles 1 through 6 


Cycle 
No. Ni Co Ca Mg Mn Cu Fe Zn Cr Al Ba Na Si 
Spectrographic-Quantitative Analysis, 

grams per liter 
2 _ - 0.12 0.54 0.04 0.001 0.04 ND ND 0.003 0.0003 0.04 0.008 
3 0.009 _ 0.03 0.68 0.11 <0.001 0.002 ND 0.0002 0.0001 0.0004 0.02 0.005 
4 0.0002 <0.0002 0.07 0.4-1.0 0.07 <0.001 <0.0002 — ND 0.0001 0.0004 0.04 0.007 
5S(b) <0.0005 <0.0002 0.09 0.6-1.3 0.12 <0.001 <0.0002 —-— 0.002 0.0003 0.0003 0.04 0.004 
6S(b) <0.0002 <0.0002 0.10 0.7-1.5 0.01 <0.001 <0.0002 — ND 0.0002 0.0003 0.04 0.003 

Wet Method Analysis, 

grams per liter 
2 0.30(a) <0.01 0.03 0.28 0.04 - 
4 <0.01 <0.01 0.08 0.69 0.08 = = = = 
5S(b) 0.09 1.13 0.12 - - - 


(a) Nickel in this solution result of redissolution from precipitate, during overnight contact 


between precipitate and 


solution. Solution as first prepared, however, contained <0.01 g/1 Ni. 


(b) One-seventh scale of previous cycles. 
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DISTRIBUTION OF NICKEL AND COBALT 
IN THE PRODUCTS 


The distribution of nickel and cobalt in the var- 
ious products fromthe entire run is shown in Table 6. 

In a going process, the nickel in all the products 
except the mixed sulphide precipitate and the iron- 
hydroxide filter cake would be recoverable as nickel 
powder, in which case the recovery would be almost 
95 per cent. Development of a better iron separation 
step or the elimination of it altogether would in- 
crease recovery of nickel powder to almost 96 per 
cent. Application of the commercial acid leach-ammine 
oxidation process for separating nickel and cobalt 
contained in the mixed sulphide precipitate and return- 
ing the separated nickel to hydrogen reduction would 
permit the recovery of virtually 100 per cent of the 
nickel as powder. 

A similar situation exists for cobalt except that 
the maximum cobalt recoverable in a separate product 
would be limited by the amount entering the nickel 
powder. From these experiments, the indicated maxi- 
mum recovery of cobalt is about 95 per cent. 


TABLE VI 


Distribution of Nickel and Cobalt 
in Laboratory Products and Estimated Distribution 
in Commercial Plant Products 


Fully Designed 
Laboratory Processes 


Experiments Case I(1) Case II(2) 


Ni Co Ni Co Ni Co 


Nickel Powder 87.2 4.4 95 5 99+ 5 
Mixed Sulphide Precipitate (6) 4.4 90.5 5 95 “= = 
Wash Solutions (4) (4) (4) (4) 
Miscellaneous Losses 1.9 Negligible 
Iron Hydroxide Filter Cake 0.9 Zell (5) 5) (5) (5) 
from Iron Removal 
gible 


(1) Process in which products are nickel powder and a mix- 
ed sulphide filter cake which would be sold. 

(2) Process in which products are nickel powder and cobalt 
powder made by treating the mixed sulphide precipitate 
and recirculating nickel to the main process. 

(3) Plated metals would be redissolved and circulated to 
the process. 

(4) Wash solutions would be kept in process. 

(5) Iron removal would not be necessary in properly design- 
ed equipment with a properly prepared bulk precipitate. 

(6) If cobalt should dissolve incompletely in the leaching 
steps, the insoluble residue could be added to the mix- 


ed sulphide precipitate. 
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CONCLUSIONS 


(1) Ammonium sulphate leaching will extract at least 
97 per cent of the nickel and about 90 per cent of 
the cobalt from low-cobalt Nicaro bulk precipitate. 


(2) A subsequent leach of the residue in dilute sul- 
phuric acid will extract virtually all of the remain- 


ing nickel and cobalt. 


(3) The unsaturated sulphur compounds which are pre- 
sent in the Nicaro precipitate may be partially de- 
stroyed by drying at 220 F for a sufficient period 
of time. The remaining unsaturated sulphur com- 
pounds which dissolve in the leaching steps may 
be eliminated to the required low level by auto- 
claving the solution with air. The possibility of 
lowering unsaturated sulphur compounds to the re- 
quired degree by more rigorous drying conditions 
is worth investigating. If this can be done, the 
high pressure oxidation step could be eliminated 
from the flowsheet. 


— 


A high-purity nickel, capable of meeting the Na- 
tional Stockpile Purchase Specification P-36-R, 


may be selectively reduced fromthe solution. 


(5) The reduction-precipitation operations yield a 
high degree of selectivity. Starting with a solution 
containing 40 to 50 grams of nickel and 2.0 to 2.5 
grams of cobalt per liter, it is possible to reduce 
and precipitate as metal powder about 96 per cent 
of the nickel and to retain unreduced and in solu- 
tion about 95 per cent of the cobalt. 


(6) The rates of nickel reduction are about the same 
as the rates encountered with Sherritt Gordon solu- 
tions under similar conditions. 


(7) The control of the extent of nickel and cobalt re- 
duction is simple and can be achieved by adher- 
ing to the conditions specified. These include 
maintaining a molar ratio of ammine to total metal 
of 2:1 in the feed solution and stopping the re- 
duction while there are still about 2 grams of 
nickel per liter still unreduced. 


(8) The metal-free solution, with its ammonium sulphat 
content re-established by hydrogen reduction and 
hydrogen sulphide precipitation is suitable for 
leaching additional bulk precipitate. 


(9) The only impurity that builds up in the system to 
any appreciable concentration is magnesium. To 
the extent that it built up in the laboratory ex- 
periments, it did not interfere in any way with the 
operation or chemistry of the process. 
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FAULTS IN PITCHING COAL SEAMS 


THEIR EFFECT 


Geologic faults have always been a plague to 
the mining industry, and have often reduced a mining 
venture from a profitable to a marginal operation, and 
even at times have forced companies to liquidation 
or bankruptcy. 

The use of geology as an economic tool in coal 
mining is not generally recognized, particularly in 
coal deposits which are horizontal or essentially 
flat-lying, in which faulting might not be prevalent. 

However in pitching coal seams, the existence 
of faults is considered an inherent challenge, as the 
inclination of the seam or seams per se, is a product 
of geologic disturbance. 

The problems of faults are a constant challenge 
to the management of the Thompson Creek Coal and 
Coke Corp. in their operations in Pitkin County, 
Colorado, where high grade medium volatile coking 
coal is mined. The background for this paper has been 
provided by the experiences of these operations, in 
overcoming the effects of faults in mining, and re- 
solving the fault structures. 

The properties of the Thompson Creek Coal and 
Coke Corp. are located in central Colorado, 13 miles 
southwest of Carbondale, Colorado, a town on the 
main highway between Glenwood Springs and Aspen, 
Fig. 1. The elevation at the mine portals is approxi- 
mately 8000 feet; there is a relief of some 2,000 feet 
to the adjacent ridges rising away from the mine 
portals. 

The entire present production of these properties 
totaling 180,000 tons of clean coal per year is trucked 
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to the railhead at Carbondale, Colorado, from whence 
it is shipped to the Geneva Steel Plant at Provo, Utah. 
The properties were initially opened in September 1952. 


FIG. 1 Index map of Colorado. 


A total of 125 men are currently employed with 
the production coming from the Number ] and 3 Mines, 
and development workings of the Number 2 and 5 
Mines respectively. While the No. 2 Mine was opened 
in 1953 prior to No. 3 Mine, the encountering of faults 
without sufficient development work accomplished to 
sustain production, necessitated the diversion of 
manpower to the other mines for economic considera- 
tions. 


GEOLOGY 


The productive coal seams occur in the Mesaverde 
formation of Late Cretaceous age which outcrop along 
the eastern edge of the Piance Creek Basin from the 
Grand Hogback, a part of the southwestern flank of 
the White River Uplift north of Glenwood Springs, 
southward through the Thompson Creek area and the 
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Coal Basin anticline, to the Elkhorn mountain region, 
Fig. 1. At North Thompson Creek, the regional trend 
of the strata is northerly and the dip is westerly from 


20-35 degrees. 


Stratigraphy 

Although no accurate measurements have been 
completed, the Vesaverde formation is estimated to 
be over 4,000 feet in thickness in the Thompson Creek 
area. It rests conformably on marine Upper Cretaceous 
Mancos shales and is overlain by the Eocene Wasatch 
formation. At the mines, the base of the Mesaverde is 
designated as the lower contact of the Rollins sand- 
stone which is approximately 96 feet in thickness. 
The top is defined by an unconformity between the 
shales and sandstones of the Mesaverde and the more 
clastic deposits of the Wasatch formation. 

The coal seams occuring in this region appear to 
have developed as lagoonal accumulations of organic 
debris behind protective sand bars along the western 
fringe of the shallow sea of the Rocky Mountain geo- 
syncline during Upper Cretaceous time. Except for 
the ‘*B’’ seam, both the inshore and lateral extent of 
the individual seams appears to be restricted. 

Two groups of productive coal seams occur in the 
Mesaverde formation in the North Thompson Creek re- 
gion, one at the base immediately above the Rollins 
sandstone, and one just above the upper of the two 
so-called intermediate sandstones (see the strati- 
graphic column, Fig. 2). The lower group consists of 


Thekness Description 
Alternating beds of impure sandstone, silt- 
stone,and shale 
----- + 
1,000 = 


Anderson seam 14 feet of good quality coal 


Sunshine seom 5 feet of poor coal 


Upper Intermediate sandstone 


interbedded sand, siltand shale beds 


Lower Intermediate sandstone 


Intercalated siltstone ond shale Sparse 
sandstone 


three productive horizons, designated as the ‘‘A’’ 
seam, 9 feet thick, the ‘‘B’’ seam, 5 feet thick on the 
average, and the ‘‘C’’, often as two seams 1.7 and 
2.3 feet thick separated by 2.4 feet of impure shale 
and sandstone. The ‘‘A’’ seam is situated directly on 
the upper surface of the Rollins sandstone, whereas 
the ‘‘B’’ seam is located 32 feet above the ‘‘A’’ seam, 
and the lower ‘‘C’’ seam, 27 feet above the ‘‘B’’. The 
intervening rock consists of shales, siltstones and 
argillaceous sandstones with an occasional band of 
low grade coal. 

The upper series, approximately 1050 feet above 
the “‘C’’ seams of the lower, consists of two major 
seams, the Sunshine and the Anderson. Several narrow 
seams occur above, but lack continuity. The Sunshine, 
up to 3 feet in thickness in North Thompson Creek 
canyon, rests directly on the upper of the intermediate 
sandstones, Fig. 2. The Anderson is65 feet higher in 
the stratigraphic section; it is from 1] to 14 feet thick 
underground. The upper of the intermediate sandstones 
is 180 feet thick, the lower about 190; they are separ- 
ated by some 320 feet of impure shale and sandstone 
beds ranging from a few inches to several feet in 
thickness. 

In company mining operations the productive seams 
to date have been the ‘‘A” and the ‘‘B’’ of the lower 
series, and the Anderson of the upper series. 


Structural Geology 


Two major fracture systems are found in the North 
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At left is trial columnar section, North Thompson Creek, Pitkin County, Colo., illustrating the position of the coal 
art of the Mesaverde formation. At right is profile showing 


basal coal seams at North Thompson 
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SCALE IN ISOMETRIC: 


Thompson Creek canyon. The ‘‘Valley’’ system trends 
east-west along the canyon bottom and dips to the 
north between 50 and 70 degrees, and the No. 2 Mine 
system, a composite system, trends northerly and the 
individual faults dip steeply either to the east or to 
the west. 

In No. 2 Mine, the entry of which bears N 7° W 
along the ‘‘B’’ seam of the lower series, the Valley 
system is intersected at 160 feet from the portal. 
Third dimension relationships are shown in the iso- 
metric projection of this fault zone on Fig. 3. The 
coal seams have been offset approximately 60 feet to 
the east on this level. The direction of movement, or 
the net slip direction, appears to be normal, that is, 
the hanging wall block has moved down the dip, rela- 
tive to the footwall block. 

Faults of the No. 2 Mine system are shown on 
Fig. 4, an isometric projection in which the coal 
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Valley fault system, No. 2 
Mine, Thompson Creek Coal 


& Coke Corp. 30° oblique 
No. 2 


FIG. 3 


looking southeast. 


seams ‘‘B’’ and ‘‘A’’ have been rotated to the horizon- 
tal. The faults of this systemalso are normal. These 
northerly trending faults are of considerable economic 
importance to the operation for they either depress or 
raise the coal seams on an up pitch projection, thus 
complicating the uniform development of the seams. 


MINING 


The mining of coal on a 30 degree pitch in the 
Thompson Creek operations is being accomplished by 
a room andpillar system of mining. All mines are being 
developed, utilizing a panel system which can be 
adapted in the future to a modified longwall system, 
and eventually to a full longwall system when greater 
depths are reached, demanding the latter method of 
mining. 

In the No. 1 Mine, the present room and pillar 


FIG. 4 Isometric projection of 
faulted coal seams A and 
B, No. 2 Mine. 30° oblique 


looking northwest. 
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CRYSTAL RIVER CORPORATION 
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LEGEND 
© SURVEY STATION 
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_-7 FAULT ("D" DENOTES DOWNTHROW 

2 IN DIRECTION OF ADVANCE) 


EXTRACTED PILLARS 
SEC.35,T.8S, R.89W, 6TH PM. 


FIG. 5 


system of mining is being accomplished with the use 
of shaker conveyors on the strike (Fig. 4). The panels 
are established by driving pairs of strike entries at 
intervals of 450 feet of inclined distance. At inter- 
vals of 600 feet along the strike, raises in sets of 3 
on 50 foot centers are driven up the pitch, with cross- 
cuts established between the raises on 50 foot cen- 
ters. Room necks are driven off the inby and outby 
raises on 50 foot centers as the raises are advanced 
up the pitch. 

With the completion of sufficient development 
work to provide an adequate system of ventilation, 
production of coal from the panels is initiated. The 
sequence of extraction is designed to provide maxi- 
mum roof control and afford a proper balance between 
development and production mining. (Fig. 5) 

The haulage of coal is accomplished by the com- 
bined facilities of shaker conveyors, gravity, and 
belt conveyors. (Fig. 5). The Coal from the room 
faces is transported by the shaking conveyors a maxi- 
mum distance of 300 feet to the room neck where it 
is discharged onto steel sheeting and carried by 
gravity to the lower strike entry below. 


SCALE: 1"=100' 
100' O  100' 200' 
EXTENSIONS 


9-57]/H.E.McCANN 
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Operations at No. | Mine, A bed. 


At this point the coal is loaded onto a belt con- 
veyor of the rope type construction, which conveys 
it to an adjacent set of raises 300 feet distant along 
the strike. The coal then repeats its travel in a simi- 
lar cycle until it reaches the main entry where it is 
loaded into mine cars for transportation to the portal. 

As in any mining operation the problem of handl- 
ing supplies and equipment increases with the advance 
of the underground workings. In the Thompson Creek 
No. 1 Mine, supplies and equipment are transported 
up the mountain by truck, and brought into the mine 
through the raises driven to the surface. The supplies 
are then lowered to the workings off the respective 
strike panel entries and from there, are either carried 
or transported by reversed belts or a combination of 
both. In the case of equipment the shakers are lower- 
ed by hoists down the pitch and across the strike of 
the seam. 

Faulting in pitching coal seams have a frustrat- 
ing effect on the following aspects of mining the coal 
product. 

1. Roof control. 
2. Underground haulage of coal both secondary 
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and main. 
3. Handling of supplies and equipment. 
4. Increased costs of mine development. 


EFFECTS OF FAULTS ON ROOF CONTROL 


In mining faulted areas roof control is more diffi- 
cult and costly than in unfaulted areas. Frequently it 
is found that roof adjacent to a fault is weak due in 
part to movement of the rock during displacement, and 
partly to subsequent seepage of ground water through 
the fractured zone. 

In fact, changes in roof characteristics encounter- 
ed in mining are very often indicative of a fault being 
approcahed. Consequently increased roof support is 
provided, with intensified checking of roof being man- 
datory when approaching and crossing fault zones. 

Faults are a serious obstacle in mining where 
efforts are made to effect complete recovery of the 
coal. Fracturing of the overlying strate which occurr- 
ed during geologic displacement, naturally constitute 
an area of weakness in which the natural cohesion of 
the homogenous mass no longer exists. 

As pillars underneath these strata are retreated, 
normal reactions of the roof cannot be expected. The 
fractured beds will either squeeze the coal, as re- 
maining pillars approach their limit of resistance to 
the weight of the overlying mass, or cave suddenly 
with little or no warning. This is particularly notice- 
able in the No. ] Mine where block faults exist. These 
block faults can best be described as the coal bed 
being displaced with alternate sections being in their 
original positions. 

In this case the entire block being loose on two 
sides is free to drop as soon as a sufficient quantity 
of the supporting coal is removed. Experience has 


faults is dangerous, and subject to losses of large 


coal reserves. 


EFFECTS OF FAULTS ON UNDERGROUND HAULAGE 


The effects of faults on underground haulage de- 
pends on the direction and magnitude of the throw. 
For instance in the room work which is accomplished 
on the strike, an upthrow fault requires grading of the 
bottom for the conveyor line. The same fault in a 
raise requires no grading because all coal carried in 
these places travels by gravity from the top. The fault 
in this case actually assists transportation by in- 
creasing the velocity of the coal. (Fig. 6) 

Downthrow faults on the other hand require more 
careful work in both the strike or room entries and 
the raises. On strike work, shaker conveyor lines 
across downthrow faults incline against the load, 
creating bottlenecks resulting in spillage of coal, 
dust problems, and pan line misalignment. As a result, 
careful grading must be practiced to maintain grade in 
the direction of coal travel. 

Further in raise workings, the downthrow faults 
must be carefully graded to minimize the loss of 
grade in the raises which serve as coal chutes. The 
pitch of 30 degrees in the mines is marginal for the 
flow of coal by gravity even on sheet metal. Any loss 


” requiring manual shovel- 


of grade induces “‘hang-ups’ 
ing for elimination. 

Small faults in main haulageways must be graded 
on both sides to maintain grades for locomotives. 
Large faults necessitate change of direction of the 
haulageway with an attendant reduction of haulage 


speed and efficiency. 


BEERECTOOR FAUBRTS (ON 


proven that retreating pillar lines parallel to these Increased costs of mining are the inevitable results 
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of the occurrence of faults in a coal seam. They are 
in effect hidden costs which cannot be accurately 
determined in advance, but must be held to a minimum 
by good engineering and confident management. 

The greatest counter measure against faults is a 
constant mine development program, whereby suffi- 
cient coal can be blocked out and provide sufficient 
working faces, which will enable production target to 
be maintained while the encountered fault is being 
resolved. 

In the Thompson Creek No. 2 Mine, the numerous 
faults encountered during the initial stages of the 
mine development prevented management from imme- 
diately continuing the development of the mine, in 
face of economic considerations. As a result the oper- 
ations in this mine were halted, with the manpower 


being diverted to the No. 1 Mine which enjoyed reason- 


able advance development. 

Thompson Creek No. 2 Mine and its fault problems 
are subsequently discussed in this paper. As a result 
of geologic engineering, this mine has recently been 
reopened and development again is underway. 

The influence of increased costs occasioned by 
faults in the Thompson Creek Coal and Coke Corp. 
operations are reflected in the following: 

1. The encountering of a large fault, whether it be in 
an entry, raise or room has the immediate effect 
of losing a coal working face, the production of 
which is essential to maintain a projected produc- 
tivity. 

2. The fault must be resolved, resulting in the high 
cost of mining through rock. This entails the pro- 
curement of additional equipment not normally used 
in coal mining, resulting in an additional capital 
investment. Further, coal mining personnel are not 
normally familiar with this type of mining, and their 
coal mining talents must be temporarily diverted. 

3. Faulting may demand a change in direction of the 
main haulageway which as previously mentioned 
may result in a loss of efficiency due to lower 
tramming speed requirements. 

4. The raises used in secondary haulage by gravity 
may be adversely affected by faulting resulting in 
the requirement of increased manpower, to insure 
the movement of coal down the chutes. 

While the foregoing considerations directly affect 
the cost of mining, another influence have serious im- 
port due to faults, is the change in the quality of coal 
in the fault areas. 

Insofar as the coking coal produced from the pro- 
perties of the Thompson Creek Coal and Coke Corp. 
has a market in the Western steel industry, this is a 
very serious consideration. It has been the experience 
in these operations that the coal in the immediate 
vicinity of a fault has weaker coking characteristics. 
Thus quality control of the product becomes of utmost 
importance. 

Experience has proven beyond a doubt that faults 
are costly in pitch seam coal mining operations. How- 
ever, faults can be solved through applied geologic 


engineering, an example of which is as follows. 

As previously mentioned, the Thompson Creek No. 
2 Mine has been plagued with fault problems from the 
very beginning following its opening. At 160 feet from 
the portal, the footwall branch of the Valley fault sys- 
tem was encountered. Here the ‘‘A’’ seam was cut off. 
A rock tunnel was driven westward to the ‘‘B’’ seam. 
It in tum was faulted, but after driving through the 
fault zone coal was located on trend, and it appeared 
that here, the faulting was not significant. Soon, how- 
ever, by underground diamond core drilling it was ap- 
parent that two narrow seams were present instead of 
the 5 feet of good coal normally found on this seam. 

A geologic study of this problem was carried out. 
The coal seams were studied on the surface, the inter- 
vals between the seams measured, attitudes recorded, 
and stratigraphic relationships observed. It was con- 
cluded that the movement along the fault was largely 
dip slip, that is, up or down the dip. It was also con- 
cluded that the two narrow coal seams situated on pro- 
jection of the ‘‘B’’ seam across the fault represented 
the ‘‘C’’ seams, that the movement along the fault had 
been normal with the displacement of the hangingwall 
down the dip relative to the footwall, and that the ‘‘B’’ 
seam would be found across the fault approximately on 
line with the projection of the ‘‘A’’ seam. This was 
found to be true. 

Further to the north as the rooms were being 
developed up the pitch in this mine, other faults were 
encountered. These faults were of the No. 2 Mine 
system, striking northerly, and dipping steeply either 
to the east or to the west. They dropped or elevated 
the coal seam on up pitch development. It was found 
that these faults for the most part also were normal 
faults with the hangingwall block having moved down- 
ward in relation to the footwall. It therefore, has be- 
come the policy of the management to either elevate 
or depress the raise when attempting to find the dis- 
placed coal seam across the fault depending on 
whether the dip of the fault is to the west or to the 
east. 

As the various mine workings are developed under 
North Thompson Creek it is probable that faults of the 
Valley fault system will be encountered and the coal 
seams offset. The solution of the relationships en- 
countered near the portal of No. 2 Mine will aid in work- 
ing out the offset relationships under North Thompson 
Creek. 


CONCLUSION 


In conclusion, we feel that mining efforts in pitch- 
ing coal seams where faulting is prevalent, can be en- 
hanced by the following: 

1. Adequate planning geologically to determine the ex- 
tent, pattern, and frequency of faults in the project- 
ed mining plans. 

2. A determination of timing in planning for driving 
through the faults or fault zones, without a sacri- 
fice of coal tonnage to the market while doing so. 
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experiences of the Thompson Creek Coal and Coke 
Corp. faults have been to date successfully resolved, 
the fact still remains that faults continue to be a 


plague to the mining industry. 


3. A complete analysis of the labor, materials, and 
capital expenditures required to successfully meet 


the challenge of faults. 
It is further concluded that although from the 
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FLOTATION CHARACTERISTICS OF HEMATITE, 
GOETHITE, AND ACTIVATED QUARTZ WITH 


18-CARBON ALIPHATIC ACIDS AND RELATED 
COMPOUNDS 


INTRODUCTION 


In a previous article! the function of various 
fatty acids as collectors for iron ores was reported 
for the two alternate processes; (a) the flotation of 
iron-oxide minerals, and (b) the flotation of calcium- 
activated siliceous gangue. The selectivity of separ- 
ation was shown to be markedly dependent not only 
on such common parameters as pH and the levels of 
collector and activator addition, but also on the 
structure and the degree of unsaturation of the acids 
used. The iron ores employed consisted primarily of 
hematite, goethite, and quartz and as the effective- 
ness of any one acid on the separation depends on 
the individual response of each constituent mineral 
toward the given collector, a comprehensive know- 
ledge of the floatability of the individual minerals is 


eon; IWASAKI, Junior Member AIME, formerly Assist- 
ant Professor of Metallurgical Engineering, University 
of Minnesota, is with Research Laboratory, F uji Iron & 
Steel Co., Hokkaido, Japan; S. R. B. COOKE, Member 
AIME, is Professor and Chief, Div. of Metallurgical 
Engineering, School of Mines and Metallurgy, Uni- 
versity of Minnesota, Minneapolis, and H.S. CHOI, 
Junior Member AIME, formerly U.S. F1sh and Wildlife 
Fellow, University of Minnesota, 1s with Kuksan 
Motors Co. Ltd., Seoul, Korea. This article in part has 
been abstracted from a thesis submitted by H.S.Cho1 
for partial fulfillment of the Ph. D. degree, University 


of Minnesota. TP 59B213. AIME Trans., Vol. 217, 1960. 


I. Iwasaki, S. R. B. Cooke, and H. S. Choi 


desirable for the interpretation of the results obtained. 
The mechanism by which a collector ion becomes 
attached to a mineral-solution interface has been a 
subject of much investigation. From quantitative stud- 
ies of the properties of the electrical double layer on 
mercury2 and on several solid surfaces?’ 45», the ad- 
sorption of some flotation reagents at the mineral- 
solution interface is beginning to be understood. For 
example, it has been demonstrated from streaming 
potential measurements made on quartz? and corundum 
that the interfacial electrical condition is strongly 
dependent on the pH. This occurs presumably through 
the following electrolytic reaction at the interface, 


ce) 


6 


(solution) 


and in the presence of a flotation collector, controls 
the floatability of the solids. A concurrent investiga- 
tion of the flotation behavior of goethite and of quartz 
carried out at the School of Mines and Metallurgy’ has 
shown a positive correlation with the electrokinetic 
behavior of these minerals. 

The purpose of the present investigation was to 
collect general information on the floatability of 
hematite, and to investigate the function of various 
18-carbon aliphatic acids on the floatability of hema- 
tite, goethite, and of activated quartz. Electrophoretic 
mobility measurements, simplified flotation tests 
using a modified Hallimond tube, and contact angle 
and frothability measurements were employed. The 
results are of direct application in the interpretation 
of the batch flotation results on natural ores as 
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reported elsewhere!. 
Minerals: 

The preparation of the hematite and quartz used 
for the flotation tests is described in the prior paper®. 
The 100/150 mesh goethite sample was prepared from 
relatively pure lumps of this mineral, a radiating fi- 
brous variety, from the Maroco Mine, Cuyuna range. It 
was cleaned by treating with 30% H,0O,, followed by 
washing with demineralized-distilled water. Chemical 
analysis of the sample gave 58.73% Fe, 2.71% SiO, 
and 10.21% H,0 as determined at 400°C. 

Reagents: 

The collectors listed below, and used in this in- 
vestigation, were of high purity. 

Dodecylammonium Chloride 


Source 
Armour Co. 


Chicago, Ill. 


Octadecylammonium Chloride 


C)gH37NH3Cl 


Chicago, 


U.S. Agricul- 
tural Research 
Service, Phila- 
delphia, Pa. 


U.S. Fish & 
Wildlife Service, 
Seattle, Wash. 


General Mills, 
Inc. Minneapolis 
Minnesota. 


Sodium Dodecylsulfate 


C1gH37SO4Na Sodium Octadecylsulfate 


C)7H35COOH Stearic Acid (1)* 


Hormel Institute 
Univ. of Minn. 


cis-C;7H33COOH Oleic Acid (A) 


Hormel] Institute 
Univ. of Minn. 


trans-C)7H33COOH Elaidic Acid (B) 


Hormel Institute 
Univ. of Minn. 


C,7H31COOH Linoleic Acid (C) 


Hormel Institute 
Univ. of Minn. 


C,7HgqgCOOH Linolenic Acid (G) 


The fatty acids were converted to the correspond- 
ing sodium soaps with 150% of the stoichiometric re- 
quirement of 0.IN NaOH. Demineralized-distilled water 
containing less than 0.1] ppm of salts (expressed as 
NaCl) was used for all test solutions. 

Simplified flotation tests were carried out in a 
modified Hallimond tube. Detailed description of the 
apparatus and of the flotation procedure has already 


been given®:9, 


FLOTATION CHARACTERISTICS OF HEMATITE 


Since electrokinetic properties have been shown 

to be related to the flotation behavior of oxide miner- 
als, information concerning the isoelectric point of 
each constituent mineral of an iron ore is desirable 

for subsequent interpretation of flotation behavior. 
From streaming potential measurements the isoelectric 
points of quartz and of goethite have been determined, 
and are reported to occur at pH 3.7° and 6.77 respect- 
ively. The isoelectric point of hematite, however, has 
not been well established: Troelstra 19 reported a value 
of pH 8 for a chemically prepared Fe ,0,sol, and from 
electrophoretic measurements Johansen and Buchanan! 
reported isoelectric points at pH 8 and 6.7, respectively, 
for chemically precipitated ferric hydroxide and natural 
hematite. To determine the isoelectric point of the 


*Corresponds to the designation in Table I, Reference 1. 
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hematite used in the present investigation, a flat-type, 
vertical microelectrophoretic cell was constructed from 
microscope slides!” and the electrophoretic mobility 
of the hematite was determined as a function of pH. 

An elutriated fraction consisting of minus 2  hema- 
tite was used and the results are plotted in Figure ] 
(a). Each experimental point represents an average of 
at least a dozen pairs of mobility measurements as 
obtained by reversing the polarity of the potential ap- 
plied. A positive mobility refers to the condition where 
the particles migrate toward the cathode. It is evident 
from the figure that the isoelectric point of hematite 
occurs at pH 6.7, in good agreement with the value ob- 
tained by Johansen and Buchanan for natural hematite. 
Thus the hematite surface would be positively charged 
below pH 6.7 and negatively charged above. 
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FIG. 1 a) Electrophoretic mobility of hematite as a func- 


tion of pH. b) Flotation of hematite with 10-4M 
dodecylamm onium chloride and sodium dodecyl- 
sulfate. c) Flotation of hematite with 10-4M 
octadecylammonium chloride and sodium octadecyl- 


sulfate. 


The flotation results obtained with hematite in the 
Hallimond tube using 1074M of dodecylammonium chlo- 
ride and of sodium dodecylsulfate are plotted against 
pH in Figure 1(b). It is evident that the anionic collec- 
tor is effective in the acid range, where the hematite 
surface is positively charged, whereas the cationic 
collector is effective predominantly on the alkaline 
side, where the mineral surface is negatively charged. 
It is interesting to note that the intersection of the 
two recovery curves occurs at a pH corresponding 


Ne 

<7 


approximately to the determined isoelectric point of 
hematite. This is interpreted as demonstrating the 
essential electrical nature of the collector interaction 
with the hematite surface. A very similar correlation 
is reported for goethite and quartz in the presence of 
the same electrolytes’. The relatively abrupt decline 
in the floatability with the cationic collector beyond 
pH 12 may be attributed to the jrecipitation of free 
amines’, 

The flotation behavior of hematite with 1074M 
octadecylammonium chloride and sodiuin octadecyl- 
sulfate is presented in Figure 1(c). Comparison of the 
curves obtained with the 18-carbon collectors with 
those for the 12-carbon collectors shows that the flo- 
tation region at the same reagent concentration ex- 
tends approximately four pH units into the adverse 
electrical condition of the hematite surface. This in- 
creased surface activity of the longer-chained collec- 
tors suggests additional factors in the adsorption pro- 
cess other than simple electrostatic attraction between 
the mineral surface and the collector ion. One such 
factor might be the so-called ‘‘squeezing-out”’ effect, 


caused by unfavorable ionic size with respect to the 
associated water structure. This in turn could be 
coupled with the stronger lateral interaction of hydro- 


carbon chains of the adsorbed organic ions, both fac- 


tors tending to hold the ions to the hematite surface. 
These terms are used by Grahame!? to describe the 
adsorption processes at a mercury-solution interface. 
At reduced concentrations of the collectors, both 
cationic and anionic, the critical pH values recede 


toward the isoelectric point. 


FLOTATION OF IRON OXIDES WITH FATTY ACIDS 


The relative collector efficacy of linolenic, lino- 
leic, oleic, elaidic, and stearic acids for hematite as 
a function of pH was investigated by making flotation 
tests at concentrations of 10°4, 107°, and 5 x 10°°M 
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FIG. 2. Flotation of hematite with oleic acid. 


respectively. Typical results of such flotation tests 
are given in Figure 2, which shows that oleic acid is 
an effective collector over a rather wide pH range; the 
upper critical pH extending to higher pH values at 
higher concentrations of the collector. In the pH range 
below 4 the recovery of hematite decreases in the same 
manner irrespective of the concentration of the collec- 
tor. Inasmuch as the dissociation constant for fatty 
acids is known to be approximately 10-54, an increase 
in hydrogen ion concentration profoundly affects their 
dissociation. The decreased flotation recovery below 
pH 4 is presumably due to the precipitation of undis- 
sociated oleic acid.* 

Included in Figure 2 is a curve obtained at 10°°M 
oleic acid when calcium was added to give 50 mg per 
liter. Increased recovery of the hematite at higher pH 
(9 to 12) suggests some activation of this mineral by 


calcium. 
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FIG. 3. Flotation of hematite with 10-4M of various 


fatty acids. 


In Figure 3 the percent recoveries of hematite are 
plotted as functions of pH when 10°4M of each of the 
aforementioned five acids is used for collection. The 
upper critical pH appears to be dependent on the type 
of fatty acid used. The collector efficacy as indicated 
by the broader pH range of flotation appears to increase 
in the order; linolenic —~> linoleic —> oleic (or 
elaidic). An identical order of efficacy also occurred 
at 10-5M°. Presumably due to its extremely low solu- 
bility in water, stearic acid shows considerable differ- 
ence in its behavior as compared with the other four 
acids. Marked improvement in the floatability of hema- 
tite with this acid at elevated temperatures has already 
been described8. In alkaline solution much of the stear- 
ic acid is available in ionic form and collecting ability 


approaches that of the other soaps. 


* Further details of the experimental data with other acids are 


given in a thesis by H. S. Choi’. 
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The results of the contact angle measurements on 
hematite at pH 6 using linoleic, oleic, and elaidic 
acids are presented in Figure 4 as a function of the 
collector concentration. As shown, the contact angles 
are again dependent on the degree of unsaturation and 
the structure of the hydrocarbon chain of the acids. 
For a given concentration of collector the order of de- 
creasing contact angle for hematite is elaidic ——> 
oleic ——> linoleic, in general agreement with the 
flotation results. Also included in the figure are the 
results for calcium-activated quartz with the same 
three acids. These will be referred to later in the dis- 
cussion of the flotation of that mineral. 
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FIG. 4 Contact angles for hematite and calcium-activated 


quartz as a function of collector concentrations. 


Comparison of the recovery curves of octadecyl- 
sulfate (Figure 1(c) ) and those of Figure 3 shows a 
remarkable concordance in the upper critical pH val- 
ues. This would indicate a parallelism in the mech- 
anism of the collector-mineral interaction for these 
two types of 18-carbon anionic collectors. With the 
octadecylsulfates, however, the recovery is not af- 
fected even as low as pH 2, in agreement with the in- 
formation that alkylsulfates are more or less com- 
pletely dissociated over the entire pH range‘. 

As indicated previously (Figure 3), the collector 
efficacies of the fatty acids appear to depend not only 
on their concentrations, but also on the degree of un- 
saturation and the structure of the collector. Unsatur- 
ation in the hydrocarbon chain causes water avidity 
at the double bond. The present flotation results ap- 
pear to conform with the interpretation that the great- 
er the number of double bonds in the hydrocarbon 
chain, the greater the attraction to the water phase 
and hence the less the surface activity. The stereo- 
chemical configuration of the double bond also in- 
fluences the water avidity of that linkage; the cis- 
form, having a greater bend at the double bond, per- 
mits easier access to the water molecules. The some- 
what greater contact angle obtained with elaidic com- 
pared with oleic acid (Figure 4) is in accord with the 
interpretation that the cis-form is more water avid 
than the trans-form. It is interesting to note that, at 
70°C, where an appreciable solubility is reached for 
all the five acids, the contact angles for this mineral 
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at 3 x 10-5M and pH 6 are reported to be in the order: 
stearic, 103°; elaidic, 91°; oleic, 88°; linoleic, 81 Be 
and linolenic, 80° °. 

To compare the flotation behavior of hematite with 
geothite, another common iron mineral occurring in the 
oxidized iron ores from the Mesabi and Cuyuna ranges, 
similar flotation tests were made with linolenic, lino- 
leic, oleic, and elaidic acids at a concentration of 
10°4M. The results are plotted in Figure 5. Under the 
stated conditions and for all practical purposes the 
response of goethite is almost identical with that of 
hematite. The fact that the isoelectric point for both 
hematite and goethite occurs at pH 6.7 accounts for 
this common behavior. This should not be taken to 
imply that hematite and goethite will respond identi- 
cally or even similarly in all iron ores, for response 
to flotation is governed by other factors such as phy- 
sical structure. Limonite, the more earthy form of 
goethite, is not an easy mineral to float. 
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FIG. 5 Flotation of goethite with 10°4M of various 


fatty acids. 


FLOTATION OF ACTIVATED QUARTZ 


It is well known that clean quartz does not float 
with fatty acids or their soaps at normal pH values, 
but that many metal cations such as calcium and mag- 
nesium can activate quartz for flotation with these 
reagents at relatively high alkalinity. From radio- 
active tracer studies!5 and streaming potential mea- 
surements® it is presumed that the adsorption of the 
activating cations is favored by the strongly negative 
surface of quartz at high alkalinity. The mechanism 
by which a collector anion is attracted to the activated 
quartz surface, however, seems to be complex and is 
not too well understood. 

To investigate the response of activated quartz 
to linolenic, linoleic, oleic, elaidic, and stearic acids, 
two series of flotation tests were made. In one series 
quartz was floated using 10-4M of the above acids 


together with respective total additions of 1,5,10,and oleic —> linoleic, in close agreement with the pre- 
50 mg of calcium per liter. pH ranged from 3 to 13. In sent flotation results. 

the other series the calcium concentration was fixed 
at 50 mg per liter and the floatability as a function of 
pH was tested at 5 x 10°, 10°75, and 1074M of the 


fatty acids. In these tests only linoleic, oleic, and 


elaidic acids were investigated. Figure 6 gives the p 
results obtained from the two series of tests using sol 
linoleic acid. It is evident that the activation of 
quartz with 10-4M of linoleic acid takes effect in the 
pH region higher than 9 and is relatively insensitive 
to calcium concentration. Between pH 1] and 13 re- 
covery levels out at close to 100 percent. In the pH Sut LINOLENIC 
range of 5 to 8, recovery is at a minimum. On the acid i % 
side of pH 5 the recovery of quartz increases appre- r 


100 M T T 


ciably. Since it is quite unlikely that quartz can be 


40} 


activated with Ca** in this pH range, this rise in re- 
covery may be attributed to the change in the electri- 
cal condition of the quartz surface, the isoelectric 


point of this mineral being reported to be at pH 3.7. 
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FIG. 6 Flotation of calcium-activated quartz with 


linoleic acid. 


Figure 7 presents flotation results in which 50 
mg per literof calcium and 1074M of the five 18-carbon 


PER CENT RECOVERY OF QUARTZ 


acids were used. The figure clearly shows the differ- 20 

ence in the collecting efficacies of these five acids. 

In every case, for a given pH value and with other con- STEARIC , 
ditions fixed, the order of decreasing collectability is: O 1 . ; 
linolenic—> linoleic > oleic —~> elaidic —~ stearic 0 lO 20 30 40 SO 
acid. Invariably, above the critical pH, the recovery CALCIUM ION ADDITION, mg/é 

tends to level out to a maximum, and below this pH, 

recovery is at a minimum down to a pH of about 5, De- FIG. 8 sane of calcium-activated cued at pH 11 
pendence of the recovery on calcium addition at approx- with 10 °°M of sab acids as a function of 
imately pH 11] is best illustrated in Figure 8. The con- activator addition. 


tact angle measurements at pH 11 on quartz activated 
with 10 mg of calcium per liter have already been re- 
ported in Figure 4. The magnitude of the contact an- 
gles is shown to increase in the order: elaidic ——> 


Since Mg** is present in iron ore pulps!, although 
to a less extent than Ca**, it was thought desirable 
to investigate its activation characteristics. Flotation 
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results with 30 mg per liter of magnesium, the equiva- 
lent of 50 mg per liter of calcium, and with 10°4M of 
linolenic, linoleic, oleic, and elaidic acids are pre- 
sented in Figure 9. With both linoleic and linolenic 
acids the magnesium-activated quartz commences to 
float at pH values between 7 and 8; the critical pH 
being at least one full pH unit lower than for calcium- 
activated quartz. One hundred percent recovery was 
obtained between pH 9 and 11.5. With oleic acid, 
quartz begins to float at pH values between 8 and 9, 
again one pH unit lower than for the calcium-activated 
mineral. Flotation recovery, however, even at the op- 
timum pH of 11, is only about 73 percent. Elaidic acid 
is a rather poor collector for magnesium-activated 
quartz over the entire pH range investigated. Above 
pH 12, collection by linolenic, linoleic and oleic acids 
decreases rapidly. This is markedly different from the 
behavior of the same acids toward calcium-activated 
quartz in the same pH range. Since the solubility pro- 
ducts of Ca(OH), and 9 are reported! ® to be 
105° and 8.9 x 10:12 

of floatability of magnesium-activated quartz above 
pH 12 may be attributed to the depletion of Mg** in 
solution through precipitation of Mg(OH),. 


respectively, the decrease 
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FIG. 9 Flotation of magnesium-activated quartz with 


10°4M of fatty acids at 30 mg per liter of 
magnesium addition. 


For a given pH and with other conditions fixed, 
the order of decreasing collecting ability for calcium- 
and magnesium-activated quartz is linolenic ——> 
linoleic —> oleic —> elaidic—- stearic acids. Due 
to their low solutilities, heavy precipitation of insol- 
uble soaps was observed, particularly at high calcium 
and magnesium concentrations. Recently-published 
solubility products of calcium and magnesium soaps! 
are summarized in Table I. Also listed are the concen- 
trations of Ca** needed for precipitation with 1074M 
of the respective acids. For stearic acid and elaidic 
acid it is quite probable that the depletion of Ca** 
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and soap ions by precipitation is primarily responsible 
for the low recovery. For oleic, linoleic, and linolenic 
acids, however, the solubility products, both of cal- 
cium and magnesium soaps, appear to be of the same 
order of magnitude. The difference in the floatability 
with the last three acids would then originate from 

the degree of unsaturation. It will be recalled from a 
previous article! that in the flotation of natural ores 
the siliceous gangue responded to flotation more 
readily with the fatty acids of higher degree of un- 
saturation; thus in iron oxide flotation the selectivity 
of the separation decreased with increasing unsatura- 
tion of the collector acids, primarily due to the con- 
tamination by siliceous gangue, whereas in the flota- 
tion of activated siliceous gangue this higher collect- 
ing ability of unsaturated acids was used to advantage 
to increase the selectivity of separation. One probable 
explanation is that a double bond in the hydrocarbon 
chain acts as an additional point of attachment on 

the activated quartz surface, thus increasing the ef- 
fective surface coverage. This is a point of practical 
as well as of theoretical importance, and obviously 
further investigation is needed. 


TABLE. I 
Solubility Product of Ca and Mg Soaps (20°C) 


(Ca**) where pptn starts 


Soaps pL*!7 with 10°4M fatty acids 
Ca Stearate 17.4 1.6 x 10> mg per liter 
Ca Elaidate 14.3 0.02 
Ca Oleate 12.4 1.6 
Ca Linoleate 12.4 1.6 
Ca Linolenate 12.2 2.4 
Mg Stearate 
Mg Oleate 10.8 
Mg Linolenate 10.9 


*L represents soly. prod. 


FROTHING CHARACTERISTICS OF FATTY ACIDS 


Fatty acids and their soaps serve a dual rols in 
flotation, acting as both collectors and frothers. In 
the previously reported! flotation of natural ores, it 
was observed that the selectivity of separation ap- 
peared to be markedly dependent on the froth character- 
istics, and, although lower contact angles were ob- 
served on activated quartz than on hematite at the 
appropriate optimum pH values (Figure 4), the flota- 
tion rate of activated siliceous gangue was markedly 
faster than that of iron oxides. Accordingly, the froth- 
ability of three acids - oleic, linoleic and linolenic 
acids - were investigated as a function of pH. The 
concentration of the acids was 10°4M, and the froth 
height was determined by a manual agitation method. 
The results are plotted in Figure 10. It is evident 
that maximum frothing occurs at approximately pH 11 
for all the acids tested. The frothability of the acids 
depends somewhat on the degree of unsaturation and 
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decreases in the order: oleic——> _linolenic——> 
linoleic. When the frothabilities at pH 6 and 1] are 
compared, the practical implication of the results is 
evident, for froth stability, according to Schuhmann!8 
is one of the important variables which control the 
rate of flotation. 
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FIG. 10  Frothability of unsaturated fatty acids as a 


function of pH. 


FROTH HEIGHT 


NaCl CONCENTRATION, M 


Effect of sodium chloride concentration on 


FIG. 11 
frothability of oleic acid, pH 10.7. 


Decrease in the frothability at lower pH values 
may be attributed to the precipitation of free acids, 
whereas the decrease at higher pH values seems to 
be the result of the ‘‘salting out’’ of soaps from solu- 
tion. Increased turbidity of the solution in the high 
pH range tends to substantiate the above interpreta- 
tion. An experiment was carried out at pH 10.7 with 
10-4M solutions of oleic acid containing different 
amounts of sodium chloride. The solutions became 
turbid as the salt concentration was increased and, as 
shown in Figure 11, the frothability of the solution 


decreased. 


SUMMARY AND CON CLUSION 


The basic flotation characteristics of hematite 
were determined by correlating electrophoretic mea- 
surements with flotation results. The function of var- 
ious 18-carbon aliphatic acids and related compounds 
as flotation collectors for hematite, goehite, and acti- 
vated quartz was investigated from simplified flotation 
tests, contact angle ineasurements and frothing experi- 
ments. The investigation has led to the following 
conclusions: 

1. The isoelectric point of hematite occurs at pH 6.7. 

2. Anionic collectors are primarily effective on posi- 
tively charged hematite, and cationic collectors on 
negatively charged hematite. 

3. The 18-carbon collectors are more powerful collec- 
tors for hematite than the respective 12-carbon 
homologs. 

4. When 18-carbon fatty acids are used as collectors 


for hematite and goethite, the ‘‘ 


critical pH’’ de- 
pends on the degree of unsaturation, the structure 
and the concentration of the acids. This is ex- 
plained in terms of the water avidity of the double 
bonds. 

5. Eighteen-carbon fatty acids possess almost identi- 
cal collecting abilities for hematite and goethite. 

6. In the fatty acid flotation of activated quartz at a 
given pH and with other conditions fixed, the 
collector efficacy increases in the order: stearic—> 
elaidic —> oleic —-> linoleic —> linolenic acids. 
The order is related to the solubility products of 
calcium and magnesium soaps. 

7. With linolenic, linoleic, and oleic acids, the 
cal pH’’ for magnesium-activated quartz appears to 


*criti- 
be lower than that for calcium-activated quartz. De- 
crease in floatability above pH 12 for magnesium- 
activated quartz is attributed to deficiency of Mg** 
due to the precipitation of Mg(OH),. 

8. For a given collector concentration the contact 
angles for hematite at pH 6 are greater than those 
for calcium-activated quartz at pH 11. The order 
of decreasing contact angle for hematite is: 
elaidic——> oleic——> linoleic acid, whereas for 
calcium-activated quartz it is in the reverse order. 

9. Maximum frothability of various fatty acids occurs 
at approximately pH 11. The frothability at this 
pH decreases in the order: oleic —~> linolenic—> 
linoleic acids. 
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CORRELATION OF PRODUCT SIZE, CAPACITY, 
AND POWER IN TUMBLING MILLS 


INTRODUCTION 


Over the last one hundred years the problem of 
assessing the efficiency of energy consumption in 
producing rock breakage has been studied by many in- 
vestigators from a variety of viewpoints. Their con- 
tributions fall into three main categories: (1) those 
characterized by a priori assumptions of a relation 
between the energy required for fracture and the de- 
gree of fragmentation produced (e.g. Rittinger !), 
Kick(2), Bond(3)); (2) those studying simple systems 
with controlled energy applications (Gross‘4» 5) ) ; 
(3) those treating operating data to develop practical 
relative measures of efficiency (Coghill(6), 
Taggart’). 


N. ARBITER its Professor of Mineral Engineering, 
Henry Krumb School of Mines, Columbia University, 
New York, and U. N. BHRANY, formerly Research 
Associate, Henry Krumb School of Mines, Columbia 
University, is now with Research Center, U. S. Steel 
Corp., Monroeville, Pa. Based in part on a disserta- 
tion submitted in partial fulfillment of the require- 
ments for the degree of Doctor of Engineering Science, 
Henry Krumb School of Mines, Columbia University. 
TP 60B99. Manuscript, Feb. 4, 1960. AIME Trans., 


Vol. 217, 1960. New York Meeting, February 1960. 


Nathaniel Arbiter and Upendra N. Bhrany 


Closely involved in the efficiency problem is the 
characterization of size distributions produced by 
comminution. Unless an experimental size distribution 
can be approximated by a distribution function and 
its constants, it becomes difficult if not impossible to 
develop quantitative energy-particle size relation- 
ships. While many such functions have been proposed, 
none are both completely adequate and convenient. 
The simpler forms usually describe only a part of the 
sizing data, while those which apply to a greater ex- 
tent are cumbersome(8), 

The thesis underlying the study here reported can 
be stated as follows: Size reduction in a tumbling 
mill subjects ore particles to a relatively constant 
fracture-producing environment. The intensity of the 
forces is determined by such factors as the mass of 
the breaking bodies (rods, balls, rock), and the speed 
and dimensions of the shell. For a particular ore the 
extent of size reduction will depend both on the in- 
tensity and on the duration of exposure. The latter 
is the residence time in a batch mill, or is determined 
by the effective volume and the flow rate in a con- 
tinuous mill. 

Size reduction can thus be regarded as a rate 
process in which the weight of material in size inter- 
vals varies as a function of grinding time. Although 
both the rates of disappearance of coarser sizes and 
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the rates of formation of finer sizes are important, this 
present study is concerned primarily with the latter. 

It will be shown that analysis of the weight of 
individual product size fractions as they vary with 
time leads to the following: 

(1) A rational development of size distribution func- 
tions. 


(2) Development of an energy-particle size relationship. 


(3) Development of criteria for grinding efficiency. 


EXPE RIMEN TAL 


The data were obtained from tests in ball mills 
varying from eight inches to thirty inches in diameter, 
in which the feed materials were ground for a range 
of time intervals and sized. Other conditions are 
specified in the figures. Data from other sources were 
considered and are identified in the discussion. 


DISCUSSION 


Typical behaviour for the variation in the weight 
of material in screen size fractions is shown graphi- 
cally in Figure 1. The coarsest fraction in the feed 
can obviously only decrease in amount as represented 
by Curve A. Variation for an intermediate size is re- 
presented by Curve B. During the time interval tj the 
rate of production of this fraction from coarser frac- 
tions exceeds the rate at which it is being ground. 
Beyond the time tj the rate at which it is being ground 
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FIG. 1 Rates of formation of mesh fractions (individual), 
Conditions; ball mill, 8 x 8 in., load fraction, 40 
pet; ball size, l-in. speed, 70 pct critical; charge, 
quartz 8/10 mesh, 1050 g dry. 
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exceeds the rate of production, with the maximum of 
the curve denoting equality of the two processes. Such 
behaviour can be obtained whether or not the particular 
size fraction is present in the feed. If it is, there will 
be a value for w at t= 0. If it is not, w=0 att=0. 

While Curve B represents a general case, this can 
degenerate into two simpler patterns. For some of the 
coarser feed fractions, it may not be possible to ob- 
serve the period of increase because disappearance 
and formation may proceed almost simultaneously, 
with the rate of grinding very rapidly becoming great- 
er than the rate of production. 

The other departure from the general case occurs 
with finer fractions and is represented by C. Within 
the range of times studied this shows a constant rate 
of production for this size fraction. Such behaviour 
not only characterizes all data obtained and examined 
for finer screen fractions, but may also obtain for 
coarser size fractions in the early period of grinding. 
During the interval for which the rate of formation of 
a size fraction is constant, it is postulated that the 
fraction is being formed from coarser fractions, but 
is not itself being ground. The eventual departure 
from constancy is a consequence of the onset of one 
or both of two related conditions: 

1. The decline in amount of coarser sizes from which 
the size in question is being formed. 
2. The start of grinding for the size in question. 

These observations are consistent with a mech- 
anism for tumbling mill action as sequential and selec- 
tive. All the sizes present can be divided broadly into 
two categories according to whether or not they undergo 
grinding at any instant. Grinding appears to be confined 
to a definite range of coarser size fractions, this range 
shifting toward the finer sizes as the amount of mater- 
ial in the active range becomes depleted. Each size 
fraction in the finer size range is produced at a sub- 
stantially constant rate, characteristic of its size, 
for a definite period of time. Beyond this period the 
rate declines and ultimately becomes negative when 
the fraction itself undergoes grinding. 

No rigorous experimental proof is available that 
the period of constant rate of production for finer size 
fractions consists in exclusive production of these 
sizes without grinding. Such proof is not necessary 
for the further use of the constant rate of formation 
relationship in this paper. However, it is important 
if verifiable since it would establish the inherent 
selectivity of tumbling mill action probably arising 
from the shielding effect of coarser particles on finer. 


DEVELOPMENT OF SIZE DISTRIBUTION FUNCTION 
FROM KINETIC DATA 


The essential relationship underlying the above 
observations can be expressed as follows: 


wi= kit +wif (1) 


where wj is the weight or weight per cent of any pro- 
duct size fraction in a tumbling mill at time t, wif is 
the weight or weight per cent of the corresponding 
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FIG. 2 Ratesof formation of mesh fractions (cumulative). 
Conditions: ball mill, 8 x 8 in., load fraction, 40 
pet; ball size, l-in. speed, 70 pct critical; charge, 
quartz 8/10 mesh, 1050 g dry. 


fraction in the feed (t = 0), and kj is a constant desig- 
nated as the ‘ 
or weight per unit time). Each size fraction will be 
characterized by a size number dj, which will refer 
here to the opening of the Tyler screen mesh retain- 
ing or passing the fraction. 

Equation (1) can refer to single size fractions as 
already defined, or it can refer equally well to the 
cumulative weights or weight per cents, 1.e., (la) 

W; = Kjt + Wif where Wj indicates a cumulative weight 
per cent. If the individual weight-time relationships 
are linear, the cumulative equations will also be 
linear, as shown in Figure 2. 

The rate constants vary with mesh size as shown 
in Figure 3. From the indicated linear log-log rela- 
tionships, the rate constant for any mesh fraction can 
be related to that for a reference mesh through Equa- 
tion (2): 


Ki = Ko [di/do] * (2) 


where the subscript i refers again to any size and its 
rate constant, the subscript o to the reference mesh 
and its rate constant, and where a is the slope of the 
log kj versus Icg dj relationship. On substitution of 
Equation (2) in Equation (la), Equation (3) is obtained: 


Wi = Ko [di/do]* t + Wit (3) 


‘initial production rate’’ (weight per cent 
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FIG. 3 Variation of initial rates with mesh size. Con- 


ditions: load fraction, 40 pct; ball size, l-in. 
speed, 70 pct critical; charge, quartz 8/10 mesh, 
3950 and 1050 g, respectively. 


To simplify further development, Wj will now be de- 
fined as the net amount of size dj in the product. 

For a particular time tg after the start of grind- 
ing, and for all sizes which follow Equation (3), there 
can then be written, 


Wi = (kotg) [di/do] (4) 


The term (kotg) is the weight per cent of the refer- 
ence size at time ty and Equation (4) is thus the 
weight versus size relationship for product sizes at 
tg. It is obvious that Equation (4) is identical in 
form with equations originally suggested by Gates!) 
and later by Gaudin and by Schuhmann‘!!), (If 
the term (Kotg) is set equal to 100, then do is the 
extrapolated 100 per cent passing size). 


SIGNIFICANCE OF EQUATION (4) 


Equation (4) holds rigorously for sizes which are 
being formed at constant rates (as expressed by Equa- 
tion la), and during time intervals within which the 
rates of formation vary with size according to Equa- 
(2). The equation will not hold for size fractions 
which are being ground as well as formed. On the 
other hand, it appears adequate for product sizes of 
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FIG. 4 Time variation of size distributions. Conditions: 


ball mill, 8 x 8 in., load fraction, 40 pct; ball 
size, l-in. speed, 70 pct critical; charge, quartz 


8/10 mesh, 1050 g. 


interest in normal grinding practice. It follows from 
the above analysis that the curvilinear portions of 
logarithmic plots (Figure 4) of cumulative weight per 
cent passing versus screen size refer to sizes which 
are being ground as well as produced. It also follows 
that the mesh at the transition from the linear to the 
non-linear portions of the relationship can define a 
grinding efficiency. No mesh size desired in the pro- 
duct should lie in the range coarser than this mesh; 
if it does the retention time is too long, or the feed 
rate is too low. Conversely, no mesh size coarser 
than the mesh of grind should lie on the linear portion; 
this would imply that the particular mesh fraction was 
being formed but not ground. Adjustment of retention 
time in batch grinding or of feed rate in continuous 
grinding permits appropriate shifting of the weight- 
size relationships. 


DEVELOPMENT OF MORE GENERAL 
WEIGH T-SIZE RELA TIONSHIP 


It has been shown above that the Gates-Gaudin- 
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Schuhmann equation holds exactly for product sizes 
which are formed at constant rates, and that this may 
be the case for conventional grinding practice. On the 
other hand, it will not apply to the coarser sizes in 
most ground products. 

The time variation for weight fractions of all sizes 
in a typical product is illustrated in Figure 5 for a feed 
consisting of a single screen fraction on a cumulative 
weight percent retained basis. These can be represent- 
ed by an exponential rate equation, 


= (-K.; t) (5) 


ri 
Wri is the cumulative weight percent retained for any 
size fraction i,; C = 100 percent, i.e. the value of Wy; 
at t = 0; and Ky; is the rate constant for size i. If 
further, the same relationship between rate constants 
kj and product sizes holds as illustrated in Figure 3 
for the linear rate equation, then 


a 
Wi; = 100 exp (-K_, (d; /d,) t] (6) 
T T T 
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FIG. 5 Rates of formation of mesh fractions (cumulative). 


Conditions: ball mill, 8 x 8 in., load fraction, 40 
pct; ball size, l-in. speed, 70 pct critical; charge, 
quartz 8/10 mesh, 1050 g dry. 


This is identical in form with the well-known 
Rosin-Rammler equation. Figure 6 represents the syn- 
thesis of a set of weight versus size distributions for 
a series of grinding times based on the assumption 
that the rate constants follow Equation (2) and that 
all size fractions follow Equation (6). It is not claimed 
that actual sizing data (Figure 7) correspond exactly 


to the requirements of Equation (6). On the other hand, 
a relationship of this type can approximate and ex plain 
the coarser range of sizing data from tumbling mill 
grinds, while an equation of the Gates-Gaudin- 
Schuhmann type cannot. In the case of finer fractions 
either Equation (4) or Equation (6) can apply within 
the usual precision of sizing data, i.e., the exponen- 
tial form is approximated by a straight line for small 
values of K,j and t. 


BNERGY-PARTICLE SIZE RELATIONSHIPS 


Batch Grinding: In batch grinding with operating 
conditions held constant and where pulp consistency 
does not change significantly with time* 

Energy = Hp xt 
where Hp is the horsepower to the mill. 


By combination with equation 4, there is obtained: 
Wj /Energy = Ko/Hp(dj/do)* (7) 


But Wj is the weight percent of product passing mesh 
dj, i.e. weight of product/weight of feed. Therefore, 
equation (7) can be transformed to: 
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(mesh); basis: first order rates of formation of 


particles (a= 1). 


* Gross (4) has shown that the power draft in a batch rod 
mill can fluctuate significantly in the early time intervals 
where the feed size is coarse relative to rod size. 


Energy/wt. of size dj = 
Hp/(ko x wt. of feed) (do/dj)* 


Equation (8) states that the energy required to grind 
a ton through a particular mesh varies inversely as 
the particle-size to the exponent ‘a’ with all other 
conditions constant. 


(8) 
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FIG. 7 Time variation of size distributions. Conditions: 


ball mill 12 x 16 in., load fraction, 40 pct; ball 
size, l-in. speed, 70 pct critical; charge, quartz 


8/10 mesh, 3950 g. 


CONTINUOUS GRINDING 


Kinetic concepts derived from batch grinding can- 
not be applied indiscriminately to continuous grinding. 
One of the major problems in such translation arises 
when the flow pattern in the continuous reactor per- 
mits hold up or short circuiting of material. In such 
cases the same retention time in the continuous sys- 
tem, other factors being equal does not necessarily 
insure the same degree of conversion as in the batch 
system. ‘!2) This problem will exist in grinding mills 
if significant mixing in the direction of flow occurs. 

Evidence has been obtained from a 10.5 by 10.5 
foot grate discharge ball mill** which suggests that 
such mixing in normal grinding practice is not serious. 
Figure 8 represents alkalinity versus time determina- 
tions on the mill discharge after the instantaneous 


** Phelps Dodge Corp., Morenci concentrator. 
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Feed rate (lower coordinate), pounds per hour. 


addition of several pounds of lime to the mill feed. 
The nature of the discharge pattern indicates that 
while the flow is not of the ideal ‘‘plug’’ type, it ap- 
proaches this condition with only slight mixing in the 
direction of flow. (13) 

Evidence is also available that the weights of 
screen size fractions for the products of a continuous 
rod-mill increase linearly with retention time (inverse- 
ly as feed rate) over an extended range of feed rates. 
This is shown in Figure 9; Data were supplied through 
the courtesy of Allis Chalmers Mfg. Co.*** 

Thus for the range through which the above linear 
behaviour holds. 


Wi = Ko(di/do)* Vp/pQ (8) 


where Vp is the volume occupied by pulp in the mill, 

Q is the volumetric feed rate, and p is a density con- 
version factor. On transposing, dividing both terms by 
HP, and inverting there is obtained 


VHP/pWiQ = Energy /Ton(dj -Mesh 
a 
HP /K o(do/di) 


SIGNIFICANCE OF THE EXPONENT a 


For both batch and continuous grinding, in the 
range of constant grinding rates, the energy-size re- 
lationship thus takes the form 


Energy /unit weight of mesh product = 


10 
Constant (d;)7 


Equations of this form have of course been pro- 
posed before with arbitrary assignment of values to 
the exponent ‘a’ based on so-called ‘‘laws of crush- 
ing.’’ (Kick, Rittinger, Bond). More recently Charles(!5) 
Svensson-Murkes‘!©) and Holmes‘!7) have shown that 
the exponent is not a constant as required by these 
‘‘laws’’, but varies with the material crushed. 
Charles(!5) has further noted the possible relation- 
ship between the exponent ‘a’ and the slope of the 
Gates-Gaudin-Schuhmann size-distribution equation, 
but stated ‘‘No theoretical explanation of this rela- 
tionship can be given at present.”’ 

Based on the experimentally established fact of 
constant rates of production for finer size fractions 
over time intervals of practical interest, it has been 
shown that: 

a) these rates vary as particle size to the exponent ‘a’. 

b) for a given ore the same exponent applies to the 
weight versus size relationship (Schuhmann plot) 
for the products at various time intervals. 

c) this exponent also applies to both batch and con- 
tinuous energy-particle size relationships. 

Thus developed, the exponent ‘a’ is a fundamental 
property in a statistical sense. Representing the rela- 
tive abundance of size fractions in grind products, and 
varying generally from material to material and to a 


*** Sizing data for products of tests tabulated in Refer- 
ence (14). 


lesser extent with grinding conditions, it characterizes 


the fracture pattern. Larger values denote a greater 
abundance of coarser sizes with less dispersion of 
sizes; smaller values conversely indicate more dis- 
persion with a greater proportion of fines. Ultimately 
this exponent must be related to more fundamental 
strength and structural properties of solids. 


PRACTICAL SIGNIFICANCE OF KINETIC DATA 


The kinetic approach thus leads to a unifying 
simplicity in the quantitative relationships for com- 
minution. At the same time the equations developed 
have important practical implications. 

Equation (9), for example, is an experimentally 
established starting point for the rational solution of 
scale-up and machinery selection problems. Based on 
the apparently widespread occurrence of initial 
straight-line weight versus time relationships in 


tumbling mill products, it correlates the grind variables 


by means of the two principal parameters: 

1. The exponent ‘a’ of the weight vs. time, weight 
versus size, and energy-size relationships. 

2. The initial grinding rate or grindability for a refer- 
ence size which is term HP/Ko in Equation (9). 

The exponent ‘a’ appears to depend primarily on 

the material being ground and to a minor extent on the 

condition of grinding. As an example, Table [ lists 

the exponents obtained on quartz samples of different 

origins, with different methods of size reduction. 


TABLE ESI 


Exponents for Quartz in Equation 8 


Reference Machine Exponent 
(11) Jaw crusher 0.87 
(18) Impact crusher 0.93 
(15) 10’’ Rod mill wet 0.9] 
(15) 10’’ Ball mill wet 0.9] 
(19) 8’’ Ball mill dry 1.02 
(19) 12’’ x 16”’ Ball mill dry 0.99 
(17) 12’ Ball mill closed circuit 1.0 


These values are close considering the diversity 
of the quartz and of the grinding conditions. 


TABLE I 


Exponents for other Minerals 


Reference Machine Exponent 
(15) Ball mill Coal 1.00 
(15) Ball mill Fluorite LOT 
(15) Ball mill NaCl 
(15) Ball mill Galena 1.00 
(15) Ball mill Cement rock 0.35 

(6) Ball mill Chert 0.78 
(6) Ball mill Dolomite 0.63 
(14) Rod mill Limestone 0.35 


TABLE II 


Exponents for Feed and Products 


Commercial Rod Mills (20) 


Exponent 
Plant Feed Product 
0.73 0.70 
A-2 0.73 0.78 
B-1 0.52 0.59 
C-] 0.30 0.34 
C-2 0.32 0.34 
D-1 0.52 0.50 
F-] 0.76 0.54 
G-1 0.49 0.55 
I-39 0.57 0.58 
1-45 0.60 0.59 
J-1 0.86 0.94 
K-1 1.06 
L-1 0.43 0.37 
ue 0.50 0.46 
Average 0.60 0.60 


* Roll crusher 


Tables 2 and 3 illustrate values for the exponent 
for different minerals and ores. The range is approxi- 
mately from 0.3 - 1.2. Table III is important in indicat- 
ing that the slope for feed and product are, with only 
one exception, close. 

The other parameter necessary in the use of equa- 
tion (8) is the rate constant for the reference size which 
has been identified as a grindability. In the following, 
the grindability is arbitrarily expressed as the ‘‘net 
tons of minus 200-mesh product per horsepower hour.”’ 
The effect of feed rate variation at constant power, or 
of product size variation can then be estimated from 
equation (8) by the joint use of the specific grinda - 
bility constant and the exponent ‘a’. 

The more important use of the equation, however, 
requires the determination of the effect on the grinda- 
bility of variation in mill size and grinding conditions. 
While this will be the subject of a separate communi- 
cation, Tables IV and V illustrate surprisingly small 
variation in the grindabilities, with substantial vari- 
ations in the type and size of mills. Thus rod mills, 
grate, overflow, and conical ball mills have almost 
identical grindability constants, with ‘‘average’’ ore, 
while tube mills show a lower figure. 


TABLE IV 
Rate Constants for Tumbling Mills ‘‘Average’’ ore 


Ton s-200 mesh/ 


Reference Type of Mill Number of Mills Horsepower hour 
‘ales Tube 10 0.036 
(7)> Grate 31 0.044 
(Te Overflow 24 0.044 
(7)4 Ganieal 42 0.045 
(7)© (20) Rod 32 0.046 


7)@ Reference (7), table 34; (7)b Reference (7), table 33; 
oe Reference (7), table 30; (7) 4d Reference (7), table 32; 
(7)€ Reference (7), table 24. 
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TABLE V 


Rate Constants for Tumbling Mills 


Effect of Mill Size 


(19) quartz Ball 8’’ x 8”’ dry 0.033 net 
(16) quartz Ball 12’’ x 12’’ dry 1 inch balls 0.029 net 
(16) quartz Ball 12’? x 12’? wet 1 inch balls 0.03] net 
(6) chert Ball 19’’ x 36”’ wet 0.025 net 
(6) chert Ball 24’’ x 24’’ wet 0.025 net 
(21) quartz Pebble 8’ x 16’ wet 0.025 gross 
conglomerate Rod 6’ x 12’ and 8’ x 12’ wet 0.029 - 0.031 
Rod 8’ x 12’ wet 0.031 
Pebble 8’ x 16’ wet 0.028 
(6) Dolomite Ball 19’? x 36’’ wet 0.090 net 
(6) Dolomite Ball 6’ x 4’ wet 0.081 net 
(16) Limestone 12”’ x dry 0.082 net 
(16) Limestone Ball 31” x 32” dry 0.089 net 
(14) Limestone Rod 2.5’ x 4’ wet 0.093 net 
The data suggest broadly that the performances of 
the major types of tumbling mills on ‘‘average ore’”’ 


are determined primarily by feed rate and power, with 
mill type and mill size of secondary importance. Table 
V leads to similar conclusions for quartzitic materials 
and limestones. For the two materials only small dif- 
ferences in grindability are indicated over a wide range 
of mill diameters. 


CONCLUSIONS 


From the observed constancy of initial rates of 
formation of finer sizes in tumbling mills, and the ex- 
ponential dependence of these rates on screen size, 
familiar weight-size and energy-size relationships 
of exponential form are developed. These lead to 
definitions of grinding efficiency and grindability. 
The exponents in these equations, which vary with 
the ore, are necessary for estimating the effects of 
change of product size on power requirements, or the 
converse. The grindability itself (tons of mesh-product 
per horsepower-hour) permits estimation of energy re- 
quirements with capacity and product size fixed. A 
preliminary survey of available data suggests that 
grindabilities vary principally with the ore, and only to 
a minor extent with the type and size of tumbling mill. 
Major problems remaining are the determination and 
tabulation of grindabilities for different minerals and 
ores, and precise determination of the effects, if any, 
of mill variables such as speed, size, ball size, etc. 
on grindabilities. 
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MODIFICATION IN NICARO METALLURGY 


ABSTRACT: 


In the nickel extraction process at Nicaro, Cuba, dried and ground nickel 
bearing laterites are reduced at 1300-1400° F in multiple-hearth furnaces. 
Nickel 1s leached from the reduced ore by aeration in an aqueous solution 


of ammonium carbonate. Nickel carbonate is precipitated from the liquor and 
calcined to yield nickel oxide. The following are the more important modifi- 
cations of the Nicaro process since plant rehabilitation and expansion. 


Ten percent increase 1n tonnage was achieved without decreasing the fine- 
ness of the ore by minor mechanical modifications of the grinding plant. An- 
other five percent increase 1n tonnage was attained by intentionally over- 
loading the ore preparation and leaching circuits 1n an effort to control 
cobalt extraction. Modifications at the sintering plant allowed it to handle 
the entire output of the expanded plant. 


A fifty percent increase 1n leach liquor cooling facilities alone provided an 
increase in nickel production of five percent. Stronger fresh leach liquor for 
increased nickel washing efficiency was obtained through improved distri- 
bution of water to the ammonia absorption towers. Advantage was taken of 
the reduced calcine’s capability to precipitate cobalt, and modifications in 
the leach liquor circulation provided controlled cobalt solubility with mini- 
mum harm to nickel extraction. 


Several process changes at the drying plant brought about a ten percent re- 
duction in the fuel o1l consumption at this point. Controlled air addition to 


the reduction furnaces’ upper hearths burned formerly wasted combustibles 


thereby reducing o1l consumption by twenty percent. 


The nickel extraction process successfully em- 
ployed on the extensive but lowgrade lateritic ores of 
Eastern Cuba at the U. S. Government owned Nicaro 
plant, has been previously described in various pub- 
lications. The large mine and plant operated by the 
Nickel Processing Corporation, located on the north- 
eastern shore of Oriente Province, have been recently 

[ 4. ALONSO was Chief Process Engineer, Nickel 
Processing Corp., Nicaro, Cuba, and J. DAU BENSPECK, 
formerly Chief Metallurgist, Nickel Processing Corp., 
Nicaro, Cuba, is with Titanium Div., National Lead Co., 
South Amboy, N.J. TP 59B225. Manuscript, Apr. 20, 


1959. AIME Trans., Vol. 217, 1960. 


Armando Alonso and John Daubenspeck 


expanded to a yearly capacity of about 50 million 
pounds of nickel. 

Essentially, the operation involves open pit min- 
ing of a limonite-serpentine ore mixture containing 
1.3 to 1.4 percent nickel and 34 to 38 percent iron. 
The comparatively lumpy, wet (25 to 30 percent 
moisture) ore is first dried and ground prior to chemi- 
cal treatment, to which the entire 7,000 tons per day 
feed must be subjected. In the initial chemical action 
the dried and ground ore is reduced with carbon mon- 
oxide and hydrogen at 1300-1400°F in multiple-hearth 
furnaces. The resulting metallic nickel is selectively 
leached from the reduced calcine by aeration in an 
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aqueous solution of ammonium carbonate. Following a 
counter-current decantation leaching system, the pro- 
duct liquor is stripped of ammonia by steam distilla- 
tion. Removal of the ammonia quantitatively precipi- 
tates the nickel as a complex carbonate which is sub- 
sequently calcined in a rotary kiln, to yield high 
purity nickel oxide. 

The following report describes some of the pro- 
cess modifications which have been effected since the 
plant rehabilitation and expansion for increasing pro- 
duction, improving recovery and reducing processing 
costs. The process changes were evolved by making 
comparatively slight yet critical modifications in the 
original Nicaro flowsheet. In general, these improve- 
ments were made by the disclosure and intensive ap- 
plication of favorable operating conditions. 

They are believed to illustrate what may be ac- 
complished in perhaps any metallurgical operation, 
without major additional capital expenditures, but by 
the application of a progressive program of process 
engineering. 


1. PROCESS MODIFICA TIONS 
FOR INCREASED PRODUCTION 


In general, the major desire in Nicaro nickel pro- 
duction has been to increase output while maintaining 
normal recovery and quality standards. In the case of 
the plant operation, the system is under continuous 
study to accurately establish true production bottle- 
necks and to then carefully modify the process in so 
far as possible at these points in order to overcome 
the handicap. 

An early disclosure, for example, with respect to 
the original ore grinding circuit, revealed a dispropor- 
tional loading between the hammer mill and ball mill 
operations. Further restriction of the discharge from 
the hammer mill (which had available capacity) in- 
creased grinding at this location and automatically re- 
duced both the load and feed size to the ball mills. 
This resulted in an overall increase in the ground ore 
(and total plant) output of about 10 percent, with no 
sacrifice in fineness of ore grind. 

Another significant (5 to 8 percent) overall in- 
crease in nickel production was achieved by inten- 
tionally ‘‘overloading’’ the ore preparation and leach- 
ing circuits. This process change could not, as first 
might be expected, result in a loss of recovery, 
because of the following circumstances: 

a. The Cuban ores contain 0.08 to 0.10 percent cobalt 
which is so chemically similar to nickel that a cer- 
tain amount (10 to 20 percent) is unavoidably ex- 
tracted, thus contaminating the product. 

b. Product specifications limit this contamination to 
one percent of the nickel content. 

c. At that time the most practical operational method 
known for meeting the cobalt limit specification, 
was to reduce the intensity of the plant leaching 
So as to minimize the extraction of cobalt; however, 
such action also retards the extraction of nickel. 

d. Since the extraction of nickel must thus forcibly be 
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retarded (by reducing aeration of the leaching cir- 
cuit) no more nickel recovery would be lost if 
methods other than reduced aeration were employed 
to attain cobalt control. 

Accepting the above circumstances, the plant 
leaching system was operated at optimum extraction 
conditions — aeration, ammonia concentration, tem- 
perature, etc., — but the nickel extraction was limited 
by reducing the retention time of the ‘‘ore’’ within 
the leaching circuit. This was achieved simply by in- 
creasing.the production rate (ore feed) to the point 
where a satisfactory low cobalt-nickel ratio product 
was obtained with the ore preparation and leaching 
system operating at ‘‘overloaded’’ capacity. 

A third method by which production was increas- 
ed at Nicaro, perhaps illustrates how a thorough ex- 
amination of the cause of bottlenecks and an equally 
careful look at the final product specifications may 
be combined. The case in point being the final Nicaro 
processing step; that of sintering the nickel oxide 
powder into hard lumps suitable for customer handling 
without dust loss*. Sintering is performed with two 
Dwight-Lloyd machines, which were built to accomo- 
date the pre-expansion production. With the rest of 
the plant expanded to 49-50 million pounds, the market 
demand also shifted toward the sintered oxide product. 

Examination of each step in the sintering opera- 
tion revealed that crushing the hot sinter discharge 
to the one inch maximum size specification, consti- 
tuted a surprising limitation on production due to the 
naturally large lumps of material which were produced 
by the machines. Through close liaison with the Sales 
Division, it was quickly established that the trade 
wouldhave no objection to a maximum 2-inch sinter 
lump. Authorization was obtained to produce this size 
on a trial basis. As production of the larger size got 
under way, it was soon observed that not only was the 
“‘crushing’’ bottleneck eliminated, but that due to over- 
all reduced grinding of the sinter, fewer undersized 
particles were produced. A material drop in the return- 
ed ‘‘fines’’ further enhanced the sinter production 
rate, culminating in an overall 25 percent increase in 
capacity. This, together with other mechanical and 
process modifications, allowed the two original mach- 
ines to handle the entire output of the expanded plant. 


2. MODIFICATIONS WHICH HAVE IMPROVED RECOVERY 


Another field of process modifications has center- 
ed on improving the degree of nickel extraction from 
the ore. This field of process engineering has been 
particularly important to the Nicaro operation in view 
of the steadily declining ore quality such as has been 
observed since almost the beginning of the enterprise. 
The declining quality is exemplified, not by reduced 
nickel values which have remained relatively stable 
at 1.3 to 1.4 percent, but by a shifting in the ratio of 
the nickel-containing minerals away from the more 


* “Sintering Nickel Oxide at Nicaro, Cuba’’ — J. A. Poll, 


precenica before the AIME, Tampa, Florida, on October 


readily extractable iron type (limonite) to the more re- 
fractory silicate type (serpentine). For example, an 
almost steady decrease has occurred in the iron con- 
tent of the ore from an average of 39.4 percent Fe in 
1955 to 36.4 percent Fe during the fiscal year ending 
in July 1958. In Nicaro, one of the major accomplish- 
ments of the past few years is considered to have been 
the fact that although the plant has continued to be 
supplied with progressively less satisfactory ore, pro- 
cess modifications were effected which have almost 
wholly offset these adversities. These improvements 
have been largely centered in the Leaching & Washing 
System where the actual separation of the reduced 
nickel and ganque occurs. 

After the increase in ore tonnage via grinding 
modifications, the liquor to ore weight ratio (pulp 
ratio) in the quench tanks (where 250-350°F reduced 
ore calcine and cooled (90°F) leach liquor are mixed), 
decreased proportionately from about 3.5 to 3.0:1 or 
lower. The result of this condition was a warmer tem- 
perature in the leaching system, which tended to be- 
come even warmer on account of the increased mag- 
nesia solubility at higher liquor temperatures. Fouling 
of the system’s liquor coolers by precipitation of mag- 
nesium carbonate, became more rapid, which decreased 
cooling efficiency. lore magnesia was thus dissolved 
and a vicious spiral of higher temperatures was set up 
which drove down the nickel extraction by 5 percent. 

At the time of these happenings, the plant was 
being expanded. The installation of liquor coolers for 
the new plant was completed ahead of schedule and 
placed in operation for the old plant. Sufficient return 
liquor from the first leaching stage was then sent to 
the liquor coolers, in addition to the second stage 
overflow, for increasing the pulp ratio at the quench 
tanks to 5.5:] and decreasing the slurry temperature 
from 125 to 100°F. This was in contrast to the pre- 
vious condition which attained only a 3 to 3.5:1 dilu- 
tion at the quench tanks themselves, but completed 
the 4.5:1 dilution immediately prior to aeration with 
warm (130-140°F) liquor. 

The results from the increased and cooler quench 
tank dilution were quite impressive; the nickel extrac- 
tion within the leaching and washing circuit increased 
from an average of 75.3 percent during the period of 
low pulp dilution to a 79.4 percent average during the 
period following. 

With the importance of having sufficient, cool 
quench liquor for nickel extraction, now amplified by 
plant experience, a modification in the expansion 
plans was made to include substantially greater liquor 
cooler capacity. The 50 percent increase provided for 
both the original and new plants in leach liquor cool- 
ers, is estimated to have improved the nickel extrac- 
tion from current low iron ores by 7,000 lbs. of nickel 
per day or a 5 percent increase in overall recovery. 

A second improvement in nickel recovery within 
the plant leaching circuit was achieved when increas- 
ing the concentration of ammonia (and COg) in the 
strong recycle leach liquor. In order to describe how 


this was accomplished, a brief review of the ammonia 
recycle system may be helpful. The total amount of 
water available for recovering ammonia from the 
ammonia-air mixture discharged from the leaching 
plant turboaerators and from the product liquor and 
tailing stills’ vapors must be fixed. 

This is necessary in order that the total volume 
of ammonia solution resulting from these operations, 
which constitutes the wash liquor for the hydrometal- 
lurgical plant, equal the sum of the volumes of pro- 
duct liquor and tailings liquor removed from it. 

The effluent from the turboaerator scrubbers at 
the leaching plant, which contains about 2 percent 
NH3, has always been added to the last washing 
thickener where the ammonia concentration averaged 
4.0 to 4.5 percent. The fresh leach solution, recuper- 
ated from the distillation section containing 10 per- 
cent NH3 and 6 percent COg, was originally sent in 
its entirety to the next to the last washing thickener. 
For the sake of washing efficiency this concentrated 
liquor should naturally be added to the last washing 
thickener. However, the actual point of addition must 
be a compromise between washing efficiency and ex- 
cessive ammoniarecycle. The strength of this solu- 
tion was increased to 14 percent NH3 and 8 percent 
CO» by merely decreasing the flow of water to the 
ammonia scrubbers of the distillation section. An 
equivalent amount of water was transferred to the 
turboaerator scrubbers which resulted in comparable 
ammonia concentrations in the vent gases from both 
locations. (Prior to this change, the ammonia losses 
from the turboaerator scrubbers were a hundred times 
as large as those from the distillation scrubbers). 

Improved washing efficiency of the leached tail- 
ings was achieved as the 40 percent proportion of 
total wash liquor added to the last washing thickener 
was thus increased to 50 percent. Ammonia concen- 
tration in the last washing thickener then dropped to 
3.5 percent and the nickel concentration also de- 
creased, but by far more than could have been explain- 
ed by the improved washing efficiency. This phenom- 
enon was a result of the lowered ammonia concentra- 
tion which allowed some of the dissolved nickel to 
be adsorbed on the ore. The solution was simple, 
enough fresh liquor was transferred to the last wash- 
ing thickener to maintain a 5 to6 percent NH3 con- 
centration, thus further improving the washing effi- 
ciency as the portion of wash liquor added here be- 
came 65 percent of the total. Dissolved nickel losses 
in the tailings liquor, as a result of the above, were 
reduced by 500 pounds per day. The higher concen- 
tration of ammonia at this location also reduced the 
adsorption of dissolved nickel on the tailings by 200 
to 300 pounds per day. 

Another modification for bettering nickel recovery 
was associated with the problem of limiting cobalt 
extraction. The ore processed in Nicaro contains 
about 0.10 percent Co, of which as much as 20 per- 
cent can be recovered under plant leaching conditions. 
The cobalt however is undesired in the final product 
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FIG. 1 Simplified flowsheet of the Nicaro operation. 


and specifications have become more demanding and 
currently only one part of cobalt is allowed per hun- 
dred parts of nickel. The plant operations do not in- 
clude any separation and recovery process for cobalt; 
thus, the only way to insure a low cobalt product has 
been to depress both the cobalt and nickel extractions 
in the leaching circuit. Without an ‘‘overloaded”’ sys- 
tem this was in general done by decreasing the air 
flow to all turboaerator stages of the leaching plant. 
As previously described, reduced ore calcine from 
the furnaces, after cooling, is quenched with leach 
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liquor. This quench liquor, which is a mixture of one 
part of second stage overflow and two parts of first 
stage solution, contains about 0.20 gpl Co and 9.0 gpl 
Ni. During mixing with the reduced ore at the quench 
tanks, a considerable portion of the cobalt and some 
nickel are precipitated (presumably via iron solubili- 
zation). The liquor in the quench slurry now enters 
the first stage aerators, assaying only about 0.14 gpl 
Co, and 8.8 gpl Ni. During the first minutes of aera- 
tion, additional cobalt is co-precipitated with iron, 
and the nickel concentration in the liquor can be in- 
creased to 11] gpl without exceeding 0.10 gpl cobalt, 
by limiting the air flow. 

The first innovation on cobalt control methods in 
the expanded plant, was to limit reduced aeration to 
only the first of three leaching stages while increas- 
ing the-air to the second and third stages. The quan- 
tity of cobalt being dissolved in these last two stages 
was found to be independent of aeration. Actually, a 
process of cobalt redissolution appears to take place 
in the last leaching steps. 

The second and most significant improvement in 
cobalt control was based on the fact that of the total 
overflow of the first leaching stage, three parts is 
recycle liquor which is sent to the quench tanks and 
the remaining one part, having identical composition, 
is the product liquor bled off for nickel recovery. In 
addition, the first leaching stage of the Nicaro plant 
includes three independent leaching units of the old 
plant and an additional unit in the new section. The 
above modified control method was abandoned in the 
old plant and all possible nickel and cobalt extrac- 
tion attained on the 57 percent of production from this 
source. The entire overflow from the first leaching 
stage of this, the old plant, was then sent to the quench 
tanks where all the liquors and reduced ore from both 
plants are mixed. 

The first stage of the new plant, on which cobalt 
control was maintained, was then left as the only 
source of product liquor for nickel recovery, thus 
limiting the application of restricted leaching condi- 
tions to only 43 percent of the entire plant. A result 
of this modification was an improvement in nickel ex- 
traction of approximately 1.5 percent (750,000 lbs Ni 
per year at a 50 million pound extraction rate) with 10 
percent less cobalt contamination. 


3. COST REDUCTION VIA PROCESS MODIFICATIONS 


One of the major cost elements of the overall 
operation is that of fuel oil. Fuel oil consumption, 
about 2 million barrels per year, is divided roughly: 
43 percent power plant, 2] percent ore drying 33 per- 
cent ore reduction, and the remaining 3 to 4 percent 
for nickel carbonate calcination and other miscellan- 
eous uses. Obviously the efficiency of fuel oil utili- 
zation constitutes an important consideration. The 
locations where major fuel savings have been effect- 
ed by process modifications, will be briefly reviewed. 

The 16-hearth Herreshoff reduction furnaces re- 
ceive dried ground ore and by thermal reduction at 
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1300-1400 °F convert the nickel values to a form ame- 
nable to ammonia leaching. Over half of the reducing 
constituents are supplied by producer gas manufac- 
tured from coal, while most of the heat, for both the 
removal of water of hydration and bringing the ore to 
reaction temperature is supplied by direct firing of 
the furnaces with fuel oil. The oil is burned under 
conditions of only 60 percent aeration in order to 
maintain the furnace atmosphere rich in carbon mon- 
oxide and hydrogen. 

Originally, very intense reducing conditions were 
maintained throughout the entire 16 hearths of the 
furnaces, even the last hearth and stack gases were 
maintained at 5 to 6 percent CO and about an equal 
percentage of Hp. At that time the gases from the in- 
complete combustion of oil entered the furnaces on 
hearths Nos. 8, 10, 12, 14, and 15. Hot air from excess 
air combustion of fuel oil was admitted into hearth No. 
6 to burn part of the combustibles coming up from the 
lower hearths. Experimentation of air addition at am- 
bient temperature through hearth No. 6 showed that 
combustion could be maintained in the upper hearths, 
even without applying heat to hearth No. 8, by in- 
creasing slightly the fuel oil consumption on hearths 
Nos. 10, 12, 14, and 15. Larger air additions were 
made to the point where the stack gases averaged 
only 2 to 3 percent CO. By this technique the rela- 
tively cool ore was further preheated simply by the 
combustion of formerly discarded reducing gases. At 
this location in furnacing (hearths 6 and above) the 
ore is apparently too cool to react with the reducing 
gases anyway. Part of the fuel formerly burned at 
hearths Nos. 6 and 8, was diverted to the lower 
hearths where it was used to greater advantage in 
supplying increased quantities of reductants to the 
hot reactive ore. The fuel oil actually saved amount- 
ed to 20 percent of the total consumption in the re- 
duction furnaces — approximately 130,000 barrels per 
year at normal rates of nickel production. 

A second savings in fuel oil consumption is under 
current study in the ore drying plant. Here, fuel usage 
has been reduced by the following approaches: 

a. Elimination of ‘‘overdrying’’. 


b. Materially increasing the feed rate per operating 
dryer. 

c. Reduced drying to the point where grinding and 
conveying are satisfactory with the residual bound 
water removed by the sensible heat of the reduction 
furnace exhaust gases. 

“‘Overdrying’’ consisted in reducing the ore’s 
moisture content to about 1.5 percent, whereas the 
natural level of moisture in this mineral mixture at 
local ambient temperature and humidity is near 3 per- 
cent. Consequently, this level was being regained in 
in the grinding step, and the effect of ‘‘overdrying” 
wasted. 

The possibility of increasing feed rates per oper- 
ating dryer was revealed by an analysis of operating 
records which showed that considerably more ore per 
dryer had been successfully handled during certain 
periods. Operations were coordinated to the point 
where only an absolute minimum number of units (there 
are seven rotary direct fired dryers) were operated. 

The last processing change, that of reduced dry- 
ing, leaves 5 to 6 percent moisture in the ‘‘dried”’ ore. 
Further studies are under way which will allow the 
moisture to be increased to just below the point where 
reduction furnacing is affected. 

The resultant fuel oil savings thus far derived 
from the above modifications in the drying step, appear 
to represent about 10 percent of the former consump- 
tion, or, 40,000-50,000 barrels per year. 

Improving the metallurgy of the complex operation 
at Nicaro is a continuing process. The modifications 
outlined herein represent only those of a relatively 
short period. Additional advances under current study 
are expected to considerably further enhance the com- 
petitive position of the operation. Furthermore, a most 
recent inauguration of an active Pilot Plant and Devel- 
opment organization at the Nicaro plantsite is expect- 
ed to soon provide advances of a more fundamental 
nature regarding the extractive matallurgy of Cuban 
laterites. These investigations, together with addi- 
tional research by the U. S. Bureau of Mines, may be 
expected to contribute heavily toward meeting the 
challenging problems of the future. 


257 


FLOW OF LIMESTONE AND CLAY SLURRIES 
IN PIPELINES 


IN TRODUC TION 


Many industries such as the cement industry 
handle large quantities of limestone and clay slurries. 
However, at present very little is known about the 
flow properties, such as friction loss due to flow of 
slurries in pipelines. This lack of knowledge has 
made it often very difficult to calculate the total dy- 
namic head of a proposed slurry handling system, and 
therefore has often made the selection of correct size 
slurry handling equipment difficult. 

Because of lack of knowledge about slurry flow a 
study of slurry flow theory has been made at the Port- 
land Cement Association’s Research and Development 
Laboratory with the idea of developing a method where- 
by friction losses due to slurry flow may be predicted 
for any size pipeline. The flow equations developed 
have been checked by pilot plant size equipment. 


DERIVATION OF FLOW EQUATIONS 


It has been known for some time that limestone 
and clay slurries handled in cement plants do not flow 
in the same manner as a Newtonian fluid such as water. 

When a Newtonian fluid flows the shear stress at 
any flow velocity is proportional to the rate of shear. 
This phenomenon can be illustrated by a line (Figure 
1). The viscosity of the fluid is the slope of the curve. 
Thus, the flow properties of the material may be 


characterized by a single materials constant: viscosity. 


When a non-Newtonian fluid with the type of 


R. W. SMITH 1s Project Engineer, Colorado 
School of Mines Research Foundation Inc., Golden, 
Colo. TP 59H14. Manuscript, Jan. 28, 1959. AIME 
Trans., Vol. 217, 1960. San Francisco Meeting, 
February, 1959. 
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FIG. 1 Newtonian liquid shear diagram. 
characteristics exhibited by limestone and clay slurr- 
ries flow, a similar curve can be constructed (Figure 
2). This graph is a shear diagram of a Bingham plastic 
non-Newtonian fluid. 

It should be noted that with the Bingham(!) plas- 
tic type of flow viscosity, the slope of the curve, is 
still an important materials constant. In addition, 
however, there is another materials constant, namely 
the yield stress of the material. One way to visual- 
ize this constant is to consider it as the amount of 


energy that must be put into a Bingham plastic mater- 
ial to start it flowing. 


Slope = Plastic Viscosity 


Shear Stress 


, Yield Stress 


Rate of Shear 


FIG. 2. Non-Newtonian liquid of the Bingham plastic-ty pe 


shear diagram. 


Figures ] and 2 show conditions only for the 
laminar flow region. Laminar flow, which takes place 
at low velocities, is characterized by slurry flowing 
in parallel layers which slide over adjacent layers 


but do not mix with them. Turbulent flow, which takes 


place at higher fluid velocities, is characterized by 
irregular flow lines which continually cross and mix 
with each other. Most flow in cement plant pipelines 
takes place in the laminar flow region. 

In order to obtain equations or curves that are 
useful for predicting or calculating unknown flow 
properties of a fluid, it is necessary to obtain dimen- 
sionless quantities that relate all the constants of a 
particular fluid. These quantities should be dimen- 
sionless so that they hold true for all possible flow 
conditions of the fluid that are apt to be encountered 
(such as varying pipe diameter). 

Such a quantity is Reynolds(?) number which re- 
lates the unknowns of a Newtonian liquid. R. C. 
Binder‘3) has described an excellent method for de- 
riving Reynolds number, basedon dimensional analy- 
sis, which is essentially as follows: 

In enclosed flow such as in pipes, inertia forces 
and viscous forces are the only ones that need to be 
taken into account. First, the inertia force, the pro- 
duct of mass times acceleration, is proportional to 


volume x density x eeleeyy 
time 
or = 02012 
t 


where V is a characteristic velocity, fis a character- 
istic length, and p is density of this material. The 
viscous force is proportional to Tf, where T is the 
viscous shear stress. Since T= pL ae where / is 


the viscosity of the fluid, the viscous force is propor- 
tional to vf. The dimensionless ratio Mertia force_ 


viscous force 
is therefore proportional to Reynolds number 


pv 


For pipe flow @equals diameter (D) and Reynolds 
number becomes 

A dimensionless quantity for a Bingham plastic 
can be derived in a similar manner. The inertia force 
would be the same as for a Newtonian fluid, propor- 
tional to 02 01%. The viscous force is proportional 
to T02 the same as for Newtonian flow. However, as 
can be seen from Figures ] and 2, viscous shear 
stress T for a Bingham plastic is not the same as 
for a Newtonian liquid. 

Shear stress for Bingham plastics can be found 
by the following analysis presented by C. E. Lapple, 
et al'4), In this analysis three assumptions are made. 
They are: 

(1) Each particle travels in a straight line, at con- 
stant velocity, parallel to the axis of the tube, 
1.e., the flow is laminar. 

(2) There is no slip at the wall. 

(3) The velocity gradient at any point is a function 
only of the shearing stress at that point. 

The flow of a Bingham plastic in a cylindrical 
pipe is illustrated by Figure 3. 


| 

| 


,0 


dl + 
2 
FIG. 3 Flow of Bingham plastic in a cylindrical pipe. 


In figure 3: 
T = shear stress, lb force/sq ft 
= pipe diameter (inside), ft 
= pipe radius (inside), ft 
= a radius, ft 
= velocity at radius r, ft/sec. 
= length of pipe, ft 
| 7 upstream pressure, |b force/sq ft abs. 
9 = downstream pressure, lb force/sq ft abs. 
v7D_ cu ft/sec. 


q = quantity of flow or 

Vv, = velocity for shear stress T , ft/sec. 
From Figure (3) a force balance can be made: 

Therefore, 

2 

(2) 
In the following equations: 

= acceleration of gravity, ft/sec” 

D2 shear stress at pipe wall, lb/ft? 

ry = yield stress, lb/ft? 
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7 = plastic viscosity, lb/ft sec. 


dP DdP (3) 
From equations (2) and (3) 
(4) 
D 
4, (5) 
D 
dr 
g 
lope= > 
Slope 7 
¥ 
FIG. 4 Shear curve for a Bingham plastic. 


By definition for a liquid of the Bingham Plastic type 
(referring to figures 2 and 4): 


dv 
dr 1) 
or 
(6a) 
T a 
From equations (5) and (6a), eliminating dy 
dv. = @ (0) (7) 


Integrating between the limits Y >Vq_ at T= T and 


Tw 
= 8 
$(T) (3) 
but 
dq= 27 rv_dr (9) 


By substituting v, from equation 8, and for r from 
equations 2, 3, 4, 5, and integrating between the 
limitsqg= q atr= andq=Oatr-O 


2 
q? ¢(T) aT dT (10) 
fo) 


By definition 


(11) 
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therefore 


g Tw Tw 
(19) 


For a Bingham Plastic referring to Figure (4) 
> 


Because of these two values for } (T) equation (12) 
must be prepared for integration in the following manner: 


Ty 
ins $(T) aT 


For 


Take 


For Ik 


y 


and 
(0) y y T 


The final equation to be integrated is: 


Ty 
(T-T_)dTdT + 
D Ty y 


(14) 
Ih 
“(T-T,) dT aT 
Integration gives: 
4 
4 Ty 1 [ Ty 
— = y (15) 
D 87 3 
= 
Since\ —-] is small except at very small shear 
stresses or pressure drops 
8V A 
(16) 
gD 7 | 


Then by assuming Ty (since ry will be the 


yield stress actually measured in experimentation. This 
happens because the intercept of equation (15) and the 
shear stress axis on a shear diagram, which is the real 
yield stress of a material, is % the intercept of equation 
(16). The intercept of equation (16) is the point measured 


a: 
[, (7) (O) par 
fo) y 
Ty 
Ty 
2 
= 
|| 


in experimentation.) 


T = = 
oD 1 
(18) 


8 g 


Take T., proportional to T (shown by equations (2) 
and (3)) and multiplying by g to obtain pounds force. 


vn Ty 8 


(19) 


The ratio then of inertia forces to viscous forces is, 


if 2 = D, the quantity 


or 


7) Ty 8 (20) 


+ 
Dvo 8p v2 


This is a modified Reynolds number. 
Reynolds number if plotted against the friction 
factor from the Fanning formula which is 


9 
(21) 

where 

f = friction factor, dimensionless 

H = friction loss, ft of flowing fluid 

L = pipe length, ft 

v = fluid velocity, ft/sec. 

D = pipe diameter, ft 

g = acceleration of gravity, ft/sec” 


gives the conventional friction factor — Reynolds 
number chart. The modified Reynolds number, equation 
(20) plotted against Fanning friction factors should 
give the same type of chart and, indeed, the same 
graph. It should be noted that in equation (20), were 
the liquid a Newtonian fluid, Ty would be zero and 
the dimensionless quantity would become the conven- 
tional Reynolds number. 


SLURRY TESTING APPARATUS 


AND DATA OBTAIN ED 


By use of the modified Reynolds number develop- 
ed above, it was thought that friction losses due to 
flow of slurry in pipes could be predicted in any pipe- 
line. To test this and to find out more about slurry 
flow in general, a slurry testing apparatus was con- 
structed. Figure 5 is a diagram of the apparatus. 


PRESSURE \ PIPE a MEASURING PIPES 


TAPS 
PRESSURE LINE~’ 


| 


=-VARI- DRIVE 
MOTOR 


477 PRESSURE 
TAPS 


(C 


SUMP 


WEIGHING 
"TANK 


Slurry testing apparatus. 


RETURN PIPE 


FIG. 5 


The primary function of this appartus is to measure 
friction losses due to the flow of slurry through pipes 
at varying slurry velocities. In this apparatus there are 
three different diameter measuring pipes. The respec- 
tive diameters of these pipes are 14’’, 1’’, and 4’’. 
Friction losses are measured by the manometer and two 
pressure taps located 15 feet apart on each of the three 
measuring pipes. The pump is driven by a vari-drive 
motor allowing friction losses to be measured by 
switching off the return pipe flow into a weighing tank 
and physically measuring the flow by use of a stop 
watch and scales. 

From the slurry testing apparatus the type of flow 
curves shown in Figure 6 can be obtained for a parti- 
cular slurry. 


T T T il i] 
HOF 
A 
F 
A 
A 
3/280 / 
A 
=|o 
| 
A 
et x 
PIPE SLURRY (om 
—00 P ER 


) 2 4 6 
Fluid Velocity (ft./sec.) 


Typical flow curves for slurry of friction 


FIG. 6 


loss vs velocity. 
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This graph (Figure 6) in itself gives useful in- 
formation concerning flow characteristics. It shows 
the approximate velocity where turbulent flow starts 
for a particular slurry. This area is where the curves 
start sloping steeply upward. It shows the effect of 
pipe diameter on friction loss. It illustrates the differ- 
ence between flow of slurry and water in the laminar 
flow range, and shows how the two flows are similar 
in the turbulent flow range. These curves, then, indi- 
cate why conventional water friction loss tables times 
a factor cannot be used for the calculation of friction 
loss due to slurry flowin the laminar flow range. At a 
relatively low fluid velocity, friction loss due to flow 
of a slurry may be many times that due to water flow 
while at velocities near the start of turbulent flow the 
friction losses due to either of the two fluids may be 
nearly the same. 

However, in order to make use of the modified 
Reynolds number to predict friction losses, it is neces- 


sary to calculate the yield stress JT and the plastic 


Dev 
and that the 
Dev 812 


term in this equation is the reciprocal of the modified 
Reynolds number. 

Equation 23 can be represented graphically by the 
following type of curve constructed from data obtained 
from the slurry testing apparatus (Figure 7). For this 
purpose equation 23 is arranged in the form 


HpD 
gD 7) 4L 


which is actually the same as equation (17). 


1 


viscosity 7) of a slurry. An equation to do so has been 
derived by Caldwell and Babbit>). This equation is: BE PIPE ] 
x - |" 
L 6D gD? sie 
This equation has been changed to: 3 vas x ] 
— 
| 
Slope*Plastic Viscosity= 74 
23 
8D gD 2 Stress (Ty) 
since the T, measured in the course of our experi- 
mentation was 4/3 the actual yield stress. It should 0 4 8 2 ges 24 
BV) 
also be noted that if equations 21 and 23 are combined, SNC 
the following equation results: FIG. 7 Shear diagram from pipe data. 
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From this type of curve (Figure 7) 7) and T 
may be measured. Then, knowing the values of 7 and 
T,, a plot of friction factor f can be made against 
modified Reynolds number. This plot is shown in 
Figure 8. 

The chart (Figure 8) illustrates the exceptionally 
conformity for flow in the laminar range. This fit in- 
dicates that knowing the yield stress and plastic 
viscosity of a slurry it is possible to predict friction 
loss in any diameter pipe at any flow velocity pro- 
vided that flow velocity is in the laminar flow region. 
It should be noted on Figure 8 that if a Newtonian 
fluid, such as water, is being considered T= 0 and 
the modified Reynolds number becomes the conven- 
tional Reynolds number. Therefore, Newtonian fluids 
can also be plotted on this same chart. 

This chart does not show very well the point at 
which laminar flow ends and transition flow begins. 
However, by manipulating equation 24 and plotting 


Ty Vv 
against 
] 
Ty Ty"8 
Dp pn 


it is possible to determine quite accurately the point 
where laminar flow ends. This plot is shown in 


In Figure 9 in the laminar flow region all points 
regardless of slurry or pipe diameter fall on the same 
line that has a slope of -1. The point where the curve 
for the individual slurry curve reverses itself and has 
a positive slope is the point where transition flow 
begins. In the transition flow range different slurries 
have different curves. The curves, however, generally 
appear to have about the same slope. The curves are 
of the form: 


t.65 
5 (25) 
1) Ty Ty g 
Do * 


where (a) is an unknown characteristic of each slurry 
and installation depending probably on pipe diameter, 
yield stress, and possibly pipe roughness. 
For practical purposes in calculating the onset 
of transition and turbulent flow, the following equation 
has been developed by considering that laminar flow 
ends at a friction factor of about 0.004. 
Dp 80 


Velocities less than the critical velocity v, are in 


the laminar flow region, while those greater are in 
the transition or turbulent flow region. 


STORMER DATA AND CONVERSION TO PIPELINE DATA 


Figure 9. In order to correlate data obtained from the Slurry 
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D= 1" pipe, 7 =0.023,Ty= 0.87, S.G.=1.51 
as I" pipe, 0.027, Ty= 1.08, $G.= 1.53 
a= It pipe, 7= 0.019, Ty= O71, $.G.= 1.46 
1" pipe, 7.= 0.019,Ty= 0.71, S.G.= 1.46 
4 6 8 10 20 40 60 80 100 
I 
Ty Ty*9 
Dp 8Vp 7 
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Pumping apparatus to viscometer data, Stormer Vis- 
cometer tests were run on all slurries. Figure 10 
shows a Stormer Viscometer,. 

The Stormer Viscometer consists of a cup to hold 
the slurry, a bob which rotates in the cup, a revolu- 
tion counter to count the bob revolutions, and a driv- 
ing device which turns the bob. The driving device is 
powered by falling weights. These weights can be 
varied. By varying the driving weights and by count- 
ing the revolutions of the bob per unit time (time is 
measured by a stop watch) a shear curve can be ob- 
tained for a slurry. An example of a typical Stormer 
curve is shown in Figure 1]. 

Figure 1] is similar to Figure 7 except that the 
units are different. In Figure 1] @, is the yield 
stress of the slurry and the slope of the curve A is 
the plastic viscosity. In order to obtain a factor for 
changing the units of Figure 1] into the units of 


Figure7 the values of Wy and A were obtained for 


a number of slurries and compared with values of T 
and 7 obtained for the same slurries from the Slurry 
Pumping Apparatus. Table I shows this comparison. 

Using the average factors from Table | (0.00334) 
for conversion of @. to JT and (0.00142) for con- 
version of \ to 7) it is possible to predict friction 
losses in pipe lines from Stormer Data. 


SUMMARY 

A. modified Reynolds number for use with Bingham 
plastic type non-Newtonian slurries flowing in pipe 
lines has been developed. Limestone and clay slurries 
approach Bingham plastic behavior. The modified num- 
ber when plotted against the friction factor from the 
Fanning equation gives a plot in the laminar flow re- 
gion identical to the one obtained on the standard 
Reynolds number chart with Newtonian fluids. Since 
flow in pipelines handling thick limestone and clay 
slurries is usually in the laminar flow range, it is 


Factors for Converting Stormer Data to Pipeline Data 


Specific Pipe Data Stormer Data Factors 
Gravity Ty is 
Slurry of Slurry wy A Remarks 
Plant H 1.61 0.92 0.0205 274 13.6 0.0034 0.0015 
Plant H 1.46 0.235 0.00825 65.5 6.97 0.0036 0.0012 
Plant H 1260 0.32 0.0145 85 9.2 0.0038 0.0016 
Plant M 167 1.25 0.0273 414 20.6 0.0030 0.0013 
Plant M 1.66 +0.07% 1.24 0.0445 4.06 28.8 0.0031 0.0015 Sodium Tri- 
Thinner poly phosphate 
Plant M (SG) 1.66 - 0.30% 0.21 0.0132 66:5. 0.0032 0.0013 Sodium Tri- 
Thinner polyphosphate 
Plant N 1.58 0,225) -O50115 59 8.5 0.0038 0.0014 
Plant N 1.60 0.24 0.0148 63 9.0 0.0038 0.0016 
Plant N 1565 0.39 0.0175 99 10.83 0.0039 0.0016 
Plant N 0.91 0.0262 260 22.40 10.0036 0.0012 
Plant E 1.68 We 0.0270 376 15.8 0.0031 0.0017 
Plant E 1.605 0.59 0.0197 L985" 134 0.0030 0.0015 
Plant E 1.48 0.20 0.100 54 7.4 0.0037 0.0014 
Plant A 1.66 0.55 0.0210 180 18.25 0.0030 0.0012 
Plant A 1.595 0.40 0.0163 135 10.4 0.0030 0.0016 
Plant A a2 0523 0.01025 61 6.3 0.0038 0.0016 
Plant D 1.69 0.40 0.0145 124 11.0 0.0032 0.0013 
Plant D 1.64 0.30 0.0130 101 10.25 0.0030 0.0013 
Plant D 72, 0.615 0.0190 186.5 14.3 0.0033 0.0013 
Plant K 1.56 0.0342 0.0030 0.0013 
Plant K 1.46 0.71 0.0195 239 13.3 0.0030 0.0015 
Plant K ae + 0.025% 0.65 0.0160 219 11.4 0.0030 0.0014 Tetrasodium 
inner 
Plant L 0.87 0.0230 256 0.0034 0.0014 
Plant L 1.53 *0:0267 304 18.9 0.0035 0.0014 
Total of all Factors 0.0802 0.0341 
Average Factors 0.00334 0.00142 
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FIG. 10 


Stormer viscometer. 


possible from the modified Reynolds number chart 

to predict friction losses due to flowof Bingham 
slurries in pipelines of any diameter if two materials 
constants are known. The materials constants are 
plastic viscosity and yield stress. These constants 
can be determined either by measuring pressure drop 


T T T y i! Lf 
120 
3 100 + J 
Slope = \ = 
§ 80 Plastic Viscosity 4 
4 
60 4 
| | 

L Yield Stress (Wy) 
5 
& 4 

| 2 3 4 5 6 

Revolutions of Bob per Second 

FIG. 11 Shear diagram from Stormer data. 


over a known length of pipeline at varying flow velo- 
cities or by applying suitable factors to Stormer vis- 
cometer data. 
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SOLUTION EXTRACTION OF SALT USING 
WELLS CONNECTED BY HYDRAULIC FRACTURE 


ABSTRACT: 


During the past three and a half years considerable improvement in the techni- 
ques of solution extraction of salt has been made by the use of wells which are 
cross-connected by hydraulic fracture at the base of the salt. Fracture 1s initiated 
by the application of hydraulic pressure. Underreaming and perforating techniques 
are used to control initiation. The fracture is then extended by continuous pumping 
until a pressure communication is obtained. Pressure communication is followed 
by washing-through to obtain a low-pressure connection. Well construction using 
non-shrinking cements that will bond with the salt and with associated strata 1s 
essential to the process. The connecting procedure described permits solution to 
attack the salt deposit from its base upward, thereby permitting greater recovery, 
fewer well repairs, better saturation of brine, and overall economy of development 
and operation. The fracture method of cross-connection requires special pumping 
of the fluid and is limited by present experience to initial well spacings up to 
about 1200 feet. The method has been used in bedded salts and is applicable for 
wells in salt domes. 


IN TRO DUCTION 


Since spring of 1956, new developments in salt 
extraction wells have followed procedures substan- 
tially different from those in prior use. Although 
multiple well systems, connected either by the natural 
consequence of the solution process or by undercutt- 
ing under protective pads, have been used previously, 
the past three and a half years have brought about 
new designs and new operation procedures based on 
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cross-connection of the wells using hydraulic fracture.* 
To date these techniques have been applied large- 
ly in the bedded salt deposits of Michigan, Ontario, 
Ohio, West Virginia, and New York. To the writers’ 
knowledge they have not been used in salt dome wells. 
The methods have not yet been in use for a sufficient 
period to permit any statistical comparison with the 
older methods. It is evident from experience to date 
that the methods result in higher recoveries, lower 
capital and operating costs, better saturation of pro- 
duced brine, reduced well maintenance and repair, 
and in considerably fewer production units to insure 


* The novel features of the techniques described in this dis- 
cussion and covered by U. S. Patent No. 2, 847, 202 and 
several others pending and by several foreign patents 
issued and pending, all of which are assigned to Food 
Machinery and Chemical Corporation. This paper is re- 
leased for publication with approval of that Company. 


stable supply. Indications are that pairs of wells 
connected using these procedures will have longer life 
before either a physical limit or an economic limit to 
production is reached. 

In the present discussion the mechanics and tech- 
niques of hydraulic fracture used for connecting salt 
solution extraction wells are presented as being dis- 
tinct from those used in frac development of petroleum 
and other fluid-producing wells. The principles in- 
volved in connection with solution extraction of salt 
have been considered and developed from both theo- 
retical and empirical viewpoints. Nearly all the prin- 
ciples that can presently be ennunciated are document- 
ed by field observations and data. The nature of salt 
and associated evaporite deposits is basic to under- 
standing the extraction procedures. 
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released for publication here. Each of these companies 
have had some difficulty in the development of pro- 
cesses which have contributed to present-day compre- 
hension. Each experience has been a significant con- 
tribution to the art. The writers owe a considerable 
debt of gratitude to numerous engineers, chemists, 
drillers, service company employees, and others who 
have collected and recorded pressure and volume data; 
by their care and interest they have provided a reliable 
quantitative basis for understanding some of the as- 
pects of the process herein described. In the decade 
preceding these developments and still more recently 
the writers Bays and Pullen have had access to the 
records and experience of many chemical and salt 
operations from which the understanding of procedures 
and problems were developed. 

Numerous employees of Carl A. Bays and Asso- 
ciates, Inc. and Food Machinery and Chemical Corpora- 
tion have participated, through their discussions and 
work, in crystallizing and aiding the development of 
the ideas expressed. 


PERTINEN T CHARACTERISTICS 
OF ROCK SALT DEPOSITS 
Distribution and Types of Rock Salt 


PERMIAN BASIN\ 


Rock salt is widespread as a mineral deposit in 
the United States. There are two principal types of 
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such deposits. Bedded rock salts are stratified and 
are usually associated with dolomite or limestones 
and anhydrite deposited cyclically with the salt. 
Typically, the bedded salts of the evaporite basins 
are thinly stratified, with bedding plane units or 
separations containing anhydrite and carbonate. 

Figure 1 is a map of the United States showing 
generally the known rock salt deposits. Halite, asso- 
ciated with other evaporite minerals, is also present 
in playa or desert lakes of the western portion of the 
country. Beddedrock salt resources in use are Silu- 
rian and Permian age. 

In contrast to these basins of evaporites are the 
salt domes of the Gulf Coast, and the genetically re- 
lated salt anticlinesof Utah and Colorado and the 
Baltic Plain of Europe. Those rock masses are com- 
posed of bedded salt which has been intruded into 
younger beds through a diastrophic process, such as 
that described by Atwater and Forman‘!), which has 
commonly modified the physical condition and atti- 
tude of the originally bedded salt. 


Secondary Effects of Geologic History 

Shallow rock salt of the bedded type, that is, 
salt that has had a depth environment of less than 
4000 to 4500 feet, is somewhat glassy or waxy in 
appearance. In it the banding of impurities is essen- 


tially undeformed, continuous, and nearly horizontal. 
There is a varve-like appearance to the banding of 
this salt which suggests stratification reflecting 
annual middle-latitude conditions. It is therefore in- 
dicated that temperature cycles suchas those suggest- 
ed by Thompson and Nelson‘2) were operative in addi- 
tion to evaporation in controlling deposition. Under 


‘‘varve’’ represents 


this concept the salt portion of the 
the winter deposition while the parting represents the 
warmer portion of the cycle when the inverse solubility 
of sulphate would cause its precipitation. 

In most bedded salt sections below depths of 
ap proximately 4500 feet, it is typically observed, that 
although stratification may be preserved to a consider- 
able degree, there is evidence of flowage of the rock 
salt under geostatic loads and the stresses of deforma- 
tion under burial. There has generally been destruction 
of some bedding, destruction of the continuity of im- 
purities, recrystallization and partial granulation. 
Cores from depths as great as 9000 feet, commonly 
show enough normal stratification so that at least 
some of the bedding, essentially as at much shallower 
depths, is present. 

Another alteration of the bedded rock salts that 
is extremely common is due to post-depositional solu- 
tion. Most rock salt beds, during a part of their post- 
diagenetic history, have been exposed to some type of 
solution attack, particularly near the edges of the salt 
basins. In some margin areas the salt has been com- 
pletely removed by these geologic processes, leaving 
only the evaporite impurities and interbeds. Down dip 
in the evaporite basins this secondary geologic solu- 
tion process has led to some thinning of the salt 
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deposits and to solution enlargement of joint systems. 


In most Paleozoic salts at depths of 1000 feet or more 
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solution crevice’’ structures are common. These re- 
present solution enlargements, in which the salt was 
removed, the impurities dropped to the boundaries of 
the opening, and, after some flow and deformation, 
salt was redeposited from groundwater solutions in 
the remaining opening. These salts are usually of 
very high purity but discontinuous with the adjacent 
beddéd salts in which they are contained. The salt 
of this type has a distinctive appearance and dis- 
orientation with the associated deposits so that it 
may be recognized in mines and large-size cores. 
The light-colored salt, irregularly distributed in the 
bedded-salt matrix, is the secondary deposit. These 
salts have a very complex distribution as is apparent 
and in most cases are associated with roof sags and 
other evidences of local movements at the time of 
solution. They are very analogous to the crevices in 
limestone and dolomite described by Bretz@). The 
distribution of such deposits has been joint controlled 
wherever observable so that areally they occur in com- 
plex linear belts with parallel similar belts at uniform 
distances laterally. These systems become the ave- 
nues for preferential solution due to the high purity of 
the salt and thus are significant in the solution process. 
Dome salts are altered considerably by solution 
and by deformation. In many salt domes the original 
bedding or stratification of the salt is preserved in 
substantial blocks. Where caprock is present, the top 
and the margins of the dome mass typically have been 
subjected to solution and recrystallization. Dome 
salt has usually been under greater loads and appears4) 
to have higher compressive strength than bedded salt. 
In the relatively unaltered portions of domes, bedding 
planes are usually inclined, frequently at significant 
steep dips. The writers believe it likely that some of 
the salt domes of the Gulf Coast include masses 


which were originally solution ‘‘ 


crevice’’ type depos- 
its because of the nature or appearance of some mater- 
ial in mines and cores. It is not practical with presently 
available criteria to differentiate with certainty the de- 
posits of the crevice type from diastrophically re- 


crystallized salt. 


Solution Characteristics of the Types of Rock Salt 


and Associated Evaporites 

No standard rate-of-solution test has been applied 
in the brine extraction industry. All rock salt has 
essentially the same solubility in water but the dif- 
ferent types of salt have substantially different rates 
of solution. The bedded salts with the glassy or waxy 
appearance dissolve, in the laboratory, at substantially 
lesser rates than do the crevice salt masses associat- 
ed with them or than does typically recrystallized 
dome salt. This is corraborated by the behavior of 
wells in reaching saturation. 


The solution rate of the various types of rock salt 
is common ly considered to be less than that of the 
associated dolomite and anhydrite. That is, however, 


tosome degree a relative matter in that it depends on 
factors of temperature and composition of the dissolv- 
ing solution. Aerated solution water approaches its 
maximum carbonate hardness in the presence of anhy- 
drite and sodium chloride with great rapidity, although 
it does not reach complete saturation in experimental 
conditions where this has been observed. When a 
sample containing anhydrite and rock salt is exposed 
to cold solution water at approximately 16°C or less, 
samples will become 55% to 65% saturated for tempera- 
ture with calcium sulphate while reaching only 20% 
saturation with sodium chloride, all within the initial 
phase of attack upon the evaporite material. If the 
rock material is warmer than the solution, in spite of 
the slight endothermic nature of the’solution of salt, 
the solution warms, and saturation with sodium chlo- 
tide is approached, and calcium sulphate isexpelled 
from solution. The basic phase relations of sodium 
chloride, various forms of calcium sulphate, and cal- 
cium carbonate or calcium-magnesium carbonate in 
the presence of various possible impurities in ground- 
waters and surface waters at various temperatures 
make desirable considerable additional study which 
might well provide data that could further benefit un- 
derstanding of the solution process. 

Solution proceeds preferentially along avenues of 
higher solubility rate salt so that any salt cavity is 
altered by the presence of salt which has flowed under 
load or the linear ‘‘solution crevice”’ structures. 


PRIOR BRINE PRODUCTION PROCEDURES 


Early Salt Extraction Operations 


Use of the solution process to extract salt dates 
from 893 A.D. in the Moselle district of France(5), and 
probably from somewhat laterin England. For more 
than a century rock salt extraction has been carried on 
in the U. S., initially for salt and then, commencing 
about 75 years ago, for brine as the raw material in 
the manufacture of chlorine, caustic soda, soda ash, 
and related chemicals. 

In all of the older operations, cross connections 
developed naturally between some wells. In many in- 
stances it was recognized that these cross connec- 
tions developed between wells long before the volume 
of salt removed, if the cavity were cylindrical, would 
have permitted cross connection. Such connected wells 
are reported in numerous areas in the early salt litera- 
ture in this country as in the reports of Merrill ©) and 
Alling”) of New York, Phalen on New York and the 
entire U. S.(8), Bownocker on Ohio), Cook on Michi- 
gan (10), and in numerous others. 


U. S. Operations in the 1930’s and ’40’s 

Salt well operations by almost all producers until 
the time of World War II were continued in a primitive 
pattern involving uncased wells except where caving 
materials required casing, using uncontrolled solution, 
and permitting lack of material balance between in- 
jection and production. Few innovations were made in 
well operation or construction for essentially 50 years. 


Salt well solution extraction systems were generally 
not examined for their efficiency and few changes in 
procedure developed. The underground process was 
neither understood nor was it the subject of study. In 
the U. S., the first salt wells were cemented and oil 
drilling techniques were applied during and after 
World War II. 

A classic paper which described more than 60 
years experience with salt extraction wells in New 
York and in Europe was presented before the Institute 
at the Wilmington meeting in October, 1943, by Edward 
N. Trump!1), In this paper the conical shape of salt 
cavities was recognized with there being no essen- 
tial difference whether tubing injection (Detroit plan) 
or casing injection (Tully plan) was used. Trump and 
a few associates had a rare opportunity to examine 
naturally-connected cavities which had been mined 


into in Germany. Most significant was the recognition 
by Trump that exposure of the solvent liquid to large 
areas of salt is necessary for efficient solution ex- 
traction. This paper included a description of the 
deliberate under-cutting of wells at or near the base 
of the salt by use of pads or inert materials. The 
desirability of the use of a gallery of wells, cross- 
connected by undercutting was stated, and a well 
spacing of 250 feet was considered practical. 

The occurrence of a natural connection at the top 
of a salt bed was recognized a few years later by 
Butler(!2), who studied model wells in a mined block 
of rock salt and studied his company’s (Diamond 
Alkali) operations at Painesville, Ohio. Butler advo- 
cated the use of tubing injection where a sufficiently 
thick salt section is present. He also recognized 
that well capacity is related directly to the area of 
salt exposed. 


The Cross-Connection of Wells 


Studies of brine operations in cross-connected 
wells or galleries made by the senior author more than 
a decade ago showed two principles. First, with cross- 
connected wells, failure due to caving, casing or tub- 
ing collapse, and similar interruptions of production 
were greatly reduced and for the same two wells a 
much higher production rate could be obtained with in- 
jection down one well and production from the other. 
Secondly, the senior author recognized that solution 
advanced preferentially up-dip. Pairs of wells on 
opposite sides of a syncline were found to be uncon- 
nected after many years of solution while other pairs 
lying along dip from each other a distance of several 
hundred to a thousand or more feet were observed to 
cross-connect in a relatively short period, much 
shorter, in fact, than any theoretical analysis could 
indicate for the proceeding amount of solution and 
removal. This concept of up-dip solution was con- 
sidered as a novel idea a decade ago, but it was 
found with later study that it had been recognized a 
half-century before in France and published in 1904 3), 

The concept of up-dip solution led to the design 
and development of a brine field in the late ’40’s in 
which wells were located with geologic structure in 
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mind and were laid out and operated so as to acceler- 
ate the development of cross connections to attain the 
then ideal pattern of well operation. 


Well Operating Procedures 
Prior to the last few years there had thus develop- 


ed two types of salt extraction operations. The first 
might be termed ‘‘conventional’’ and consisted of 
either tubing or casing injection. In these brine fields 
the only innovations in a half century were improve- 
ments in drilling techniques and construction. Where 
wells cross-connected they did so at the top of the 
salt. Recoveries were very poor and restricted to the 
upper portion of any salt bed. Cavities elongated up 
dip, orif the roof sagged and changed the apparent 
dip at the top of the cavity, in the direction structur- 
ally highest. 

In such cavities two processes were operative in 
bringing about saturation. Diffusion, an exceedingly 
slow process in sodium chloride, brought salt from the 
solid state into brine in its pores and at the solution 


face acted along a gradient into the portion of the 
cavity where there was less saturation. Superimposed 
on this was slight laminar flow in a developed cavity 
and the gravitational rising of the unsaturated new 
fluid along the roof of the cavity. Circulation of less 
saturated fluid into salt or concentrated brine was 
the principal means of more rapid solution. This was 
usually accomplished only along the roof and led to a 
cavity of ‘‘morning-glory’’ shape much elongated up- 
dip. When casing injection was used, the fluid in the 
part of the mature cavity around the well was always 
unsaturated; in tubing injection it might be partly 
saturated. Otherwise there is no essential difference 
in effects of circulation on the solution process, and 
diffusion is the principal means to obtain saturation. 
In thick salts, casing injection gave much higher 
yields in terms of well capacity; in thin salts no other 
means was practicable. In thick salt beds, casing in- 
jection gave much higher yields than tubing injection. 
When tubing injection wasused in thick salts, it was 
necessary to reduce brine production to insure the 
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Conventional method of solution mining. Top portion shows plan view and bottom portion 


shows the section view. These views are not drawn to scale. 
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FIG. 3. Pad method of solution extraction of salt. Top is plan view and 
bottom is section view. These views are not drawn to scale. 


and are still in use at some places. These methods 
are diagrammed on Figure 3, with some of the illu- 
strations directed to showing conditions which in 

some instances proved handicaps to the practical use 
of pads. One of the major problems is the requirement 
for an additional string of pipe in a well, if a pad is 

to be placed and controlled properly. This compli cated 
well repair and frequently resulted in the loss of wells 


production of saturated brine. In thin salt beds casing 
injection was always used, since this was the only 
practicable method to produce saturated brine. 

The sequence of cavity development by the con- 
ventional solution operations is diagrammed in Fig- 
ure:2: 

The pad methods of undercutting described by 
Trump and Tracy‘!4), were used by several operators 
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that would have been repairable with the conventional 
pattern of operation. In addition, the pad concept is 
not based on an understanding of the effects of dip on 
the solution process. Even under a pad, gravitational 
effects caused differential elongation of cavities by 
which irregularities of structure sometimes permitted 
the pad to be rapidly outflanked and rendered ineffec- 
tive. With the reduction of exposed face to solution, 
wells using pads had much lower yields of salt and 
lower brine concentrations than comparable conven- 
tional wells. Using pads, a period of many months to 
years of low concentration of brine and low produc- 
tion is required before connection is accomplished. 
Thus, although the pad procedures provided better 
recoveries, better roof protection, and development of 
cross-connections toward the base of the salt beds, it 
was found in practice that the process had many handi- 
caps. As a result the pad method was never widely 
adopted. Its principal use has been in undercutting to 
get a cross-connection, with the pad removed after 
communication to permit gallery operation. Its most 
significant application is in salt cavity storage, where 
LPG or other materials are stored as the capacity of 
a cavity is expanded and brine is extracted. 


PRACTUREVAND RUPTURE OF ROCKS 


Development of Concepts of Hydraulic Fracture 


Intentional fracture or parting of formations to in- 
crease permeability for the production of fluids has 
become widely used since World War II. Accidental 
parting or rupture of rocks in oil fields occurred in 
numerous ways prior to the more recent developments 
but was not understood until the ’40’s and then prin- 
cipally in connection with the water-flooding secondary 
recovery operation and squeeze cementing. The natural 
fracture or parting of rocks had long previously been 
recognized in connection with the process of igneous 
intrusion; the basic description of this process and 
the formulation of the relationships involved were 
aptly given by Gilbert{15). The principles here ennun- 
ciated as to stretching of rocks, lifting of overburden, 
and other aspects of rock behavior under compressive 
load are a sound part of today’s understanding of the 
mechanics of the fracture process as applied to the 
development of a frac connection between drill holes. 

Several writers dealing with water-flooding in the 
Appalachian fields and Illinois Basin considered the 
problems of pressure break-throughs or hydraulic frac- 
ture that occurred with the use of excess pressure. 
Frederick G. Clapp!® undertook the study of pressure 
limits from a theoretical and experimental viewpoint 
in the Bradford field in 1932 and brought to bear most 
of the field observations of failure of rocks prior to 
that time. His theoretical calculations furnish a basis 
today for the computation of safe pressure limits to be 
applied to prevent accidental frac. 

Yuster and Calhoun‘!7) gathered further data on 
the Bradford area and supplemented and prior publica- 
tions as to overburden lift and embarked on the first 
treatment of effective size and volume of fractures. 
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Contemporaneously Dickey and Andresen were com- 
piling an A.P.I. study (18) on water injection wells in 
connection with secondary recovery of oil. In several 
such wells the injected water by-passed through im- 
permeable shales. The term critical pressure is first 
described in a current sense in this paper. 

While extensive publications and numerous patents 
have dealt with the fracture process applied to various 
oil and gas horizons, they have little applicability to 
solution extraction. The objective is simple to create 
openings, preferably multiple, within the effective 
drainage area of oil and gas wells. 


Frac-Initiation for Solution Extraction 


In solution extraction operations it is desired to 
create a single fractured communication at or near 
the base of a salt formation to connect drill holes and 
to permit solution to attack the salt at its base. For 
this reason, many of the ideas and much of the recent 
literature on hydraulic fracturing which relates mainly 
to oil and gas wells is not pertinent to the techniques 
needed for solution extraction by wells which are 
connected by hydraulic fracture. 

The development of a controlled fracture (frac) is 
done by the application of hydraulic pressure which 
applies a localized compressive stress to overcome 
the opposing geostatic loads and tensile strengths. 
Because of the convenience of gun perforation, this 
method of localizing and starting frac has been widely 
used. In practice, the perforations used to pump into 
are best placed in the drill-hole near the interface, 
typically within a minimum vertical interval in order 
to initiate a single frac adjacent to the bottom of the 
salt bed. Alternately, the end of the casing can be 
set at the zone to be fractured so that the fracture is 
developed at the base of the casing. 

A further important technique for guiding the for- 
mation of a frac employs underreaming to develop a 
hole enlargement which constitutes a shelf, substan- 
tially at the interface. The hole may then be cased 
to the top of the underreamed section and cemented. 
Or the casing may be extended below the underreamed 
section and perforated to provide openings for fracing. 
Careful hole diameter and radioactivity logging prior 
to setting casing are advisable so that the zone for 
fracture can be located with precision. 


Frac Extension 

When a salt zone is to be fractured, equipment 
capable of continuous pumping at high pressures and 
volumes is required. At the initial stage a pump rate 
is used that will cause a pressure buildup, exceed- 
ing the fluid losses into the salt or any adjacent 
strata. This period is usually of very short duration, 
for the pressure builds uprapidly as soon as a small 
volume of liquid is pumped. When the critical bottom- 
hole pressure is reached there is a pressure break- 
down and the initial fracture has occurred. As the 
pressure breaks down there is an increase in pump- 
ing rate as the frac is extended. If the pressure is 
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extension, washing through, and operation. A is 
frac (usually a few minutes); pressure buildup to 
overcome: 1) weight of overburden and fluids, 

2) tensile strength of rock normal to bedding when 
in compression, and 3) fluid losses into any rock 


pores exposed. B is frac extension and washing- 


through (a few hours to a few days); pressure 
maintained to keep initial fracture open and to 
extend it; overburden and subjacent strata in com- 
pression; as frac is extended, rock salt is being 
dissolved and its volume replaced by injected 

fluid and fluid continues to be lost in any pores 
exposed; some precipitation of salt or calcium sul- 
phate occurs, depending on temperature-phase re- 


lations. C is pressure drop to low-pressure connec- 


tion (a fewhours); with dissolved connection, mud 
support of frac is removed and roof settles; outly- 
ing areas of frac heal and settling load of roof 
causes production to considerably exceed injec- 


tion. D is operation period through low pressure 


connection (the remaining life of the wells); vol- 
ume of through-put limited by piping; pressure con- 
trolled by brine-injection water gravity difference 
and pipe friction; dilution may be necessary to 
prevent super-saturation precipitation to block cas- 


ing and piping. 


permitted to fall below a critical threshold, no volume 
of liquid can be injected into the formation. A few 
pounds higher, and substantial quantities can be pump- 
ed. This threshold pressure is the hydraulic pressure 
that is required to keep the initial frac open. Above 
this pressure, the fluid injected causes extension of 
the fracture by pressure. If the fluid is a solvent, fur- 
ther extension is affected by solution. Some of the 
fluid also penetrates the pores of permeable and por- 
ous salt and interbeds exposed. 

If it were practical to maintain the threshold 
pressure without pumping, the fluid previously inject- 
ed would dissipate by solution and intrusion into rock 
pores and ultimately allow the fracture to heal by plas- 
tic deformation. In order to extend the fracture it is 
therefore necessary to slightly exceed this threshold 


pressure by use of a pumping rate exceeding the thresh- 
old pumping rate. The rate of pumping must exceed sol- 
ution, pore absorption, replacement of the salt dissolv- 
ed, and any other losses that occur in the system. 

Figure 4 is a pressure-time curve, based on num- 
erous salt frac jobs, which has been constructed to 
show the various featuresin the initiation and devel- 
opment of a frac cross-connection between drill holes. 

Presently available theory, experience, and photo- 
elastic studies indicate that a frac will maintain its 
plane of initiation, providing constant pressure and 
continuous pumping are utilized, until there are in- 
terruptions of the applied compressive stresses above, 
below, and lateral to the fracture plane as it is being 
extended by pumping. Theoretically, joints and the 
like could provide upward escape of the fracture fluids. 
However, it is now apparent that such discontinuities, 
even if they constitute slight partings, are placed into 
compression and in most instances would be effec- 
tively closed as the compressive wave ahead of the 
fracture plane approaches, is propagated through them, 
and proceeds beyond them as a transient parting. They 
continue to be held in compression as long as the frac- 
ture is held open by hydraulic pressure, although some 
relative relaxation may occur as both compressional 
wave front and fracture pass. Therefore the frac 
should be initiated in or adjacent to the parallel to 
the bedding at the contact of the salt with the under- 
lying formation. 

Pressure increase at the target well gives the 
first sign that a successful fracture connection has 
been made. The pressure is measured on a guage or 
recorder with the second well shut-in. For example, 
in the Jackson Street brine field of the Diamond 
Alkali Company, pressure from injection at Well No. 
132, after frac initiated, reached Well No. 131 a dis- 
tance of 600 feet away in approximately one hour and 
10 minutes. 


In addition touse of pressure response it 1s poss- 
ible in some areas with low ground noise level to 
sonically detect a fracture reaching a well. This is 
detected by an increase in the sound of injection 
pumps and by the sound, like a rifle-crack, of the 
rock splitting. Detection is made by such devices as 
a contact microphone coupled to the casing. Where 
maximum well spacing is desired or where substantial 
geological discontinuities may be expected, it has 
been found desirable to initiate and extend fracs from 
both wells in the pair to obtain a connection. 


Washing-Through Process 
Following physical frac-connection of drill holes, 
the final process to convert wells into useful extrac- 


tion units is to accomplish a low-pressure connection. 
This is done by dissolving salt along the fracture as 
rapidly as practicable. Because preferential solution 
advances best in an up-dip direction, experience has 
shown that the washing-through process is better 
accomplished from the lower of the twowells. As point- 
ed out before, threshold pressure and threshold pumping 
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the systemas the fracture is washed-through. This is 
done by maintaining back pressure at the discharge 
well at approximately but not exceeding the observed 
threshold pressure and by permitting flow from the 


dissolved in the fracture without unnecessarily extend- 


rates must be maintained throughout the washing- 
ing the fracture, it is necessary to remove fluid from 


through period. In order to remove some of the salt 
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discharge well. Testing from time to time by relief of 
pressure on the discharge well, determining if there 
is a pressure reduction at the input well and flow re- 
sponse at the output well, is necessary to ascertain 
whether a low-pressure connection has been develop- 
ed. Other means of determining this condition are 
presently being investigated. 

When a low-pressure connection has been devel- 
oped, pressure will disappear from the system except 
that due to the piping friction and the differential 
between injection water column and brine column 
gravity difference. This pressure relief will cause the 
closure of the fracture in the areas where it was being 
held apart by the hydraulic threshold pressure and the 
fluid present was saturated brine. This closure will 
then confine the gallery arealargely tothe washed- 
through zone and plastic healing of the wet salt along 
the ramainder of the frac will proceed under the re- ; 
duced pressure conditions. 


The schematic procedure for the fractured-connect- 


ed salt solution system is shown on Figure 5. 


PERTINENT PRINCIPLES OF DEVELOPMENT 
AND OPERATION OF HYD RAULICALLY 
CONNEGTEDSSAL EXTRACTION WELLS 


The fracturing experiences of the past few years 
have provided both good and bad examples which 
support the development techniques described above 
and illustrate the principles on which they are based. 
These bring to light the various factors on which some 


degree of judgment must be exercised by the developer 


of such salt solution extraction systems. 


Depth 

Salt beds near the surface, with groundwater 
drainage reaching to the elevation of the salt or just 
above, cannot be considered appropriate for recovery 
by the frac-connected drill hole extraction technique. 
Adequate cover is required to assure confinement for 
connection development. Maximum depth at which salt 
may be extracted relates to economics, not technical 
aspects. Fracture connections have been developed 
at 6400 feet in West Virginia and are feasible with 
presently available equipment at twice this depth or 
more. 

Placement of the fracture at the base of the salt, 
preferably at the parting of the salt bed and the under- 
lying formation, is highly desirable for frac control 
and permits recovery from the entire thickness of salt. 
While it is possible to develop fractures within the 
salt itself employing the same techniques, a basal 
cross;connection is better in that it gives a zone at 
which impurities do not blanket recoverable salt be- 
low the frac, so that maximum recovery is assured. 
Also the process of frac extension and washing- 
through can be more difficult at any zone above the 
base of the salt. 

Bedded salts are commonly underlain by anhy- 
drite and occasionally by dolomites and anhydrites 
with some slight salt content usually as blebs or 


isolated crystals. These beds have no primary effec- 
tive permeability, but when exposed to solution for a 
long period may develop permeability due to extrac- 
tion of the salt. However, it is theoretically conceiv- 
able that permeable beds could be present under salt. 
This condition would require additional pump capacity 
to counteract losses into such beds until they become 
sealed by either sulphate or salt deposition, depend- 
ing on the temperature relationships. 


Spacing 

Spacing between wells to be fracture-connected 
depends upon the amount of time and money to be 
spent in developing the cross-connection weighed 
against length of life of the pair of wells operating 
in the solution extraction system. As has been indi- 
cated, the development of a connection permitting 
transfer of pressure or the actual extension of the 
fracture at distances up to several hundred feet isa 
matter of hours. The washing-through process can 
require large volumes of fluid and, if pumping rates 
are not sufficient, can consume many days. 


In one instance with the salt at about 1500 feet 
a surface pressure of 1550 p.s.i.g. (approximately 
2235 p.s.i.a. bottom-hole pressure) was required to 
initiate frac. A surface pressure of 920 p.s.i.g. 
(approximately 1605 p.s.i.a. at bottom hole) was re- 
quired to pump in and extend the frac. Of course, no 
pressure reduction was obtained when the frac reach- 
ed a second well 400 feet away and the same pressure 
was required as pumping was continued. A total of 
approximately 110 hours of pumping at an average 
rate of 190 g. pm. was required to effect a low-pres- 
sure connection, during which the frac zone was filled 
with a little more than a million gallons of water. 
After the lowpressure connection was established, 
solvent could be pumped through the well system with 
a pressure differential of 125 p.s.1. 

In the same field another pair of wells was spac- 
ed 1200 feet apart. With a maximum of 200 g.p.m. 
available for pumping to injection, some 37.8 million 
gallons of fluid were required, with intermittent pump- 
ing, reversing, and bleeding of the two wells over a 
period of three and a half months. The wells became 
clogged or bridged from the re-precipitation of salt 
due to effective supersaturation of solution so that 
the development of a true lowpressure connection 
was obscured by this mechanical condition. Review 
of the data in the light of subsequent experience 
suggests that the particular wells may have been 
connected aftertotal injection of 16 million gallons, 
9.9 million in one of the pair and 6.1 million in the 
other. It is interesting to note that a surface pressure 
of 1460 p.s.i.g. (approximately 2116 p.s.i.a. at bottom 
hole in this well) was required to frac one of these 
wells; however a pressure of 1450 p.s.i.g. at the sur- 
face was required to frac into the second well, indi- 
cating that the frac from the first well had not been 
extended to the second well and that this pair was 
cross-connected by the intersection of two fractures, 
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one of which was extended from each well to develop 
the connection. 

Data on spacing relations are also provided by 
two wells of the Pennsalt Chemicals Corporation at 
Wyandotte, Michigan. Wells No. 21 and 22 were spaced 
approximately 300 feet apart and drilled to be frac- 
connected. Pumping was started into Well No. 22, with 
a frac pressure of 1500 p.s.i.g. required at the surface 
and a stable pressure of approximately 740 p.s.i.g. re- 
quired at the surface for injection of approximately 
200 g.p.m. Approximately 24 hours later, no effect had 
been noted at Well No. 21 but a well some 2700 feet 
away started flowing. This latter well was shut-in 
(closed) at the time. Shut-in of the pumping and test- 
ing indicated the flow to be caused by the pumping 
into Well No. 22. Pumping later into Well No. 21 did 
not require frac pressure and develop a low-pressure 
connection with Well No. 22, with no additional re- 
sponse from the distant well. 

Thus spacing relates to the willingness and de- 
sire of the operator to provice area for frac develop- 
ment and pumping capacity to permit frac-extension 
and wash-through at economic rates. Spacings up to 
several thousands of feet appear to be theoretically 
possible, if pumping and pressure application can be 
maintained. However, the costs of such connections 
in terms of pumping required deter their development; 
practical distances for effective connection appear to 


lie in the range of 600 to 1000 feet. 


Frac-Initiation 


As previously indicated, guiding the frac by pro- 
viding an underreamed shelf to initiate a horizontal 
frac at the drill hole is helpful to extension of the 
frac at the pre-determined position. Where a salt ex- 
traction well is drilled to below the salt, it has been 
the practice to underream the zone for two to five feet 
immediately under the contact. When casing is set 
through and cemented the gun-perforator is then used 
immediately under the shelf. Another technique has 
been used, in setting and cementing a shoe exactly 
at the shelf, then drilling out and in effect applying 
frac pressure at the bottom of thehole. 

Where frac-initiation was not controlled, undesir- 
able results have been obtained. In one instance where 
the entire section of the salt was uncased, with cement 
ed casing above, the frac developed in a zone 15 to 20 
feet below the top of the salt and apparently at the 
weakest point in the salt bed permitting the recovery 
of only a limited portion of the salt section. In another 
case, drillable liner had been set in the well below the 
casing, but was not effectively sealed and the frac 
similarly developed in the weakest point in the bed, 
neither at the top nor the bottom. 


Well Construction 


Control of the frac, development and early pro- 
duction within the basal part of the salt is important 
in obtaining the maximum benefit from frac-connected 
wells. This requires effective cementing ov wells to 


276 


permit both frac and the dissolving operations to be 
controlled. Procedures include rotary drilling, con- 
trol of mud with salt-base and otker additives to pre- 
vent solution, centralizing of casing, use of float and 
guide equipment, and top-to-bottom cementing with a 
cement capable of effective bonding with all of the 
evaporite and other rock types encountered. To obtain 
these results, a non-shrinking cement with equal 
slurry and set volumes is required. To date, the best 
mixtures found have been portland or retarded sulphate- 
resistant cements with which rock salt and gel addi- 
tives are dry-mixed, and then saturated brine is used 
as a fluid. Generally such cement slurries are of 
heavy weight in comparison to normal cementing 
slurries. To date, no cement failures on wells in salt 
under frac conditions have come to the attention of 
the writers when cements of this type were used. 

In designing wells, the conventional tubing string 
normally used for water injection or brine withdrawal 
can be omitted from the wells in the fracture-connected 
system. At depths below 1000 to 1200 feet, a small 
diameter tubing string may be used for either dilu- 
tion of the produced brine or for back-washing the well. 
Valve and piping should be arranged to provide both 
fresh water and brine lines for every well. High-pres- 
sure heads, fittings, and casing above ground levels 
are essential for the frac operations, but are not re- 
quired for subsequent operating, so that is is often 
desirable to install such equipment on a temporary 
basis until the washing-through process is completed. 


Pressure and Volumes 


The pressures and volumes of injection water pro- 
vided for fracture, for frac-extension and for washing- 
through can be quite different from those used in actual 
solution operations. 

Generally the minimum pressure required to raise 
overburden is about .9 (possible as low as .83) p.s.i. 
per foot of overburden at the formation face. In rocks 
of great strength, a maximum possiblepressure of 1.8 
p-S.1. per foot of overburden conceivably could be re- 
quired, but to date, this pressurehas not been neces- 
sary. This latter figure is the design figure that should 
be used in providing for pressure development on any 
fracture system. At such maximum pressure, due to 
the lowporosity and permeability of salt and the usual 
small vertical section exposed, the amount of fluid 
normally required is small. Occasionally, however, it 
is possible that large quantities of fluid can be put 
into wells, probably due to permeability, without at- 
taining frac pressure. This was the case in two wells 
of Food Machinery and Chemical Corporation at Bens 
Run, West Virginia. Volumes up to 280 g.p.m. were 
injected into the two wells 6400 feet deep and spaced 
700 feet apart with a maximum pressure of 4500 P- Sale: 
(approximately 7270 p-S.1.a. at bottomhole at 6400 
feet) at the surface fora period of several months with- 
out establishing fluid communication. Pressure com- 
munication was indicated, but it is believed to have 


been done via pores in the salt, not by any frac 


connection. A third well was drilled between the two, 
a brine column introduced, with a surface pressure of 
4750 p.s.i.g. (approximately 8100 p.s.i.a. at bottom 
hole) and a frac connection was obtained to one well 
and washed through to production. 

High volumes of fluid at the frac-extension and 
washing-through stages are desirable to accelerate 
this process. Where volumes of 800 to 1000 g.p.m. 
have been available, wash-through times have been 
considerably shorter than where only 200 g.p.-m. was 
used. Frequently these volumes have been provided 
by temporary service pumping equipment; permanent 
installations of such capacities and pressures were 
not required. In other instances ithas been possible 
to secure the required pressures and volumes from a 
single battery of positive displacement pumps by 
changes in pistons and liners. 


SUMMARY 


Brine wells which have been connected by hy- 
draulic fracture at the base of the salt bed have shown 
higher recovery rates at lower costs than with prior 
salt well methods. Special techniques of well con- 
struction and frac-initiation are important to develop- 


ing such cross-connections. Methods of frac-initiation 


which will insure the desired connection are described. 


To obtain proper frac-extension, it is necessary 
that sufficient pressure to keep the fracture open be 
maintained by adequate pumping rates. 
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ANACONDA EXPLORATION IN THE BATHURST 
DISTRICT OF NEW BRUNSWICK, CANADA 


INT RODU CTION 


The Bathurst mining district is located near the 
town of Bathurst on the north shore of the province of 
New Brunswick in eastern Canada. This region is the 
northeasterly extension of the Appalachian mountain 
system. 

The area is heavily forested and covered with a 
fairly uniform layer of glacial gravels and boulder 
clay. The relief is low, increasing to a few hundred 
feet in the north west and several hundred feet in the 
extreme southwest. Thus, rock outcrops are scarce 
and occur mostly along streams and ridges. These 
factors made conventional prospecting difficult and 
resulted in the district becoming an excellent place 
for the application of regional geological studies, air 
photo techniques, airborne and ground geophysical 
methods and soil sampling. 

Late in 1952, The Brunswick Mining and Smelting 
Company discovered a very large base metal sulphide 
body presently known as their No. 6 orebody. Early in 
1953, another and even larger sulphide body was dis- 
covered and is knownas the No. 12 orebody. Mining 
exploration was very active thoughout 1953 and in 
1954, The American Metal Company discovered the 
orebodies which have been developed into The Heath 
Steele Mines. The location of these deposits is shown 
on figure one. 

In the latter part of 1954, The Anaconda Company 
became interested in the district and decided to make 
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a geological study of this new and promising base 
metal area. The following paper presents the story of 
the application of modern geological and geophysical 
techniques, leading to the discovery of a large sul- 


phide body. 


8 

| 
4745 


| o24 6 8 10 
Tetogouche 


Caribou / 
/ 
/ 7 
/ 2 
xNo.12 
? 
\ 
| 
Big. ' 
N, 4 
Heath Steele Mincs-~ / 
2 Mojor sulphide deposit 
° M 


FIG. 1 Bathurst Mining district, New Brunswick, Canada. 


GENERAL GEOLOGY 


The Bathurst district is generally underlain by 
the Tetagouche group of Middle Ordovician rocks. 
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Fossils have been found only in the upper formations, 
and the lower and more metamorphosed members could 
be much older. A few observers consider that some of 
the rocks may be of Pre-Cambrian age. 

The Tetagouche group is highly deformed by in- 
tense folding and subsequent cross folding. Further- 
more, thickening and thinning of volcanic units through - 
out the assemblage greatly increases the complexity 
of the rock pattern and makes it very difficult to trace 
specific horizons. Repetition by folding and faulting 
prevents accurate estimates of the thickness of the 
stratigraphic units. In a generalized way, the Teta- 
gouche group may be divided into the following five 
members from the youngest downward: ‘!) 

1. Mainly dark argillaceous rocks with minor inter- 
bedded volcanic rocks. 


bo 


. Mafic volcanic rocks including andesite and basalt 
with interbedded slate and graphitic schist. 

3. Quartz feldspar porphyry bodies of variable thick- 
ness and textures which may be in part intrusive. 

4. A great thickness of felsic to intermediate volcan- 
ics containing minor sedimentary rocks. 

5. Highly metamorphosed felspathic sedimentary rocks 

including quartzite and various schistose rocks of 

unknown thickness. 


GEOLOGICAL AND STRUCTURAL EN VIRONMENT 
RS SULPHIDE BODIES 


The recently discovered large sulphide bodies are 
essentially very fine grained massive pyrite bodies 
containing sphalerite, galena and a lesser amount of 
chalcopyrite. Some of the deposits contain lenses of 
pyrrhotite and chalcopyrite in the footwall of the py- 
rite body, or along strike. Others contain appreciable 
magnetite in the mineralized section. All of the large 
sulphide bodies are conformable to the regional trend 
and some are over 1,000 feet long and up to 200 feet 
wide. 

These impressive sulphide masses occur within 
or adjacent to various types of sedimentary rocks, and 
generally occur between the second and third members 
of the Tetagouche Group. For the lack of a better 
name, the series may be called an ‘‘Intra-volcanic 
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Sedimentary Series’’. This ‘‘Series’ 
variable, both along strike and stratigraphically; var- 
ious thicknessesof iron formation, cherty horizons, 
chlorite schist, black slate, and argillaceous sedi- 
ments may be found in close proximity to the sulphide 
and represent various sedimentary ‘‘facies’’. 

The quartz feldspar porphyry, comprising the third 
member, is usually present on one side of the ‘‘Intra- 
volcanic Sedimentary Series’’ and forms one wall of 
the sulphide bodies, generally behaving as a strati- 
graphic unit. It is usually a light grey schistose or 
gneissic rock containing twenty to fifty percent of 
subhedral quartz and/or feldspar phenocrysts up to 
one-half inch in length, set in a fine grained matrix of 
chlorite, sericite, feldspar and quartz. Some of the 
rock could be called an ‘‘augen’’ gneiss. Certain por- 
tions of this member have the characteristics of felsic 


extrusive rocks; however, tuffaceous sediments occur 
within the porphyritic lenses. In certain areas, the 
rock is decidedly clastic and is properly termed an 
arkose. Some of the porphyritic bodies have the tex- 
ture of an intrusive and small granitic bodies are 
found in close proximity to the porphyry. The origin 
of the Bathurst porphyry is uncertain, but the writer 
believes it includes felsic rocks of both intrusive and 
extrusive origin having intraformational tuffaceous 
sediments. Most of these rocks near sulphide bodies 
are foliated and may be referred to as quartz-feldspar 
augen schists and gneisses. 

Stratigraphically above the intra-volcanic sedi- 
ments is the andesite, comprising the second member 
of the Tetagouche Group. It is composed of dark 
green, fine grained schistose rocks containing some 
intercalated graphitic slates and locally pillowed 
textures. Some chert beds occur and disseminated 
grains of magnetite are noted giving a higher mag- 
netic background to this member as compared to the 
quartz feldspar porphyry. The presence of the mag- 
netite enables the geologist to trace the contact be- 
tween the second and third members by means of aero- 
magnetic survey maps. 

From a structural standpoint, the large massive 
sulphide bodies occur within folded structures. The 
Brunswick No. 6 is localized in the trough of a 
steeply plunging tightly folded syncline.‘2) On the 
other hand, the Brunswick No. 12 is localized in the 
crest of a plunging anticline. The Heath Steele ore- 
bodies are also localized by folding of the ‘‘Intra- 
volcanic Sediments’’. 


A GEOLOGICAL HYPOTHESIS 


After carefully considering the geological facts, 
it was realized that the contact zones between the 
second and third member of the Tetagouche Group 
might contain ‘‘Intra-volcanic Sediments’’ which could 
be a host for large sulphide bodies. In 1951, the De- 
partment of Mines and Technical Surveys published 
aeromagnetic maps of the Bathurst Area. These maps 
are compiled with a contour interval of 10 gammas and 
are presented on a scale of 1 mile to one inch. While 
keeping in mind that the second and third members of 
the Tetagouche group differ in magnetic susceptibility, 
the magnetic sheets of the Bathurst camp were studied 
and an attempt was made to trace these two members. 
Contrary to the then current belief, it appeared from 
the aeromagnetic maps that the larger structure swung 
to the west to forma complexly folded major structure 
rather than continuing north from the Brunswick 
deposits. 

Reconnaissance field traverses revealed several 
sections of quartz-feldspar augen schist in an area 
south of the Tetagouche Lakes about twenty miles 
north west of the then known large sulphide bodies. 
Apart from a schistose foliation, these rocks re- 
sembled the Brunswick augen gneiss. 

Figure two shows a reproduction of the Tetagouche 
Lakes aeromagnetic sheet‘3) which was studied to 
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learn the extent of the porphyritic third member and 

its structural trend. The magnetics on the east side of 

the sheet suggested that it might be underlain by ande- 
site. Closer examination showed that the magnetic con- 
tours swing toward the west around the junction of the 

South Tetagouche River and the main Tetagouche 


River. Extensive overburden and forest cover greatly 
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Photo lineations of the Tetagouche area. 


hampered reconnaissance geological traverses; how- 
ever, both the second and third members of the Teta- 
gouche series were readily identified and the rock 
types verified. 

Since the intra-volcanic sediments would not be 
as resistant to erosion as either the andesite or fel- 
site porphyry, it was reasoned that topographic linears 
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might also reflect the structure. On this basis, aerial 
photographs covering the Tetagouche area were 
studied and all topographic linears were carefully 
plotted. Figure 3 shows these lineations and a re- 
markable structural pattern is revealed. When the data 
from the geological traverses was combined with the 
aeromagnetic map and photo linears, the larger struc- 
tural pattern of the Tetagouche area became apparent. 
On the east side of the area, there is a large anti- 
clinal fold plunging steeply north east. On the west 
side of the map area, a complimentary synclinal 
structure plunges steeply north. 

From published data‘4) it was known that a narrow 
sulphide occurrence several thousand feet long, called 
the New Calumet zone had been discovered several 
years ago just south of the Tetagouche River. From 
the study of the aerial photographs, it was observed 
to lie in a photo linear depression. Subsequent geo- 
logical traverses indicated that andesite occurs on 
the north side of the depression and quartz-feldspar 
augen schist outcrops on the south side. Furthermore, 
the sulphides were noted to be fine grained massive 
types, very similar to the Brunswick orebodies. Some 
sedimentary schist was observed along strike with 
the New Calumet zone and was believed to represent 
the intra-volcanic sedimentary series. The geological 
exploration picture soon resolved itself into an attempt 
to trace out the key New Calumet horizon. 

The tight folded structure is missing in the theo- 
retical picture of the New Calumet occurrence as it is 
simply a long, narrow, unfolded mineralized feature. 
Therefore, the basic objective in the exploration was 
to trace the New Calumet horizon in each direction 
until it entered highly deformed areas. Referring again 


to figure three showing photo linears, it is quite 


apparent that the two highly deformed areas are on the 
nose and trough of the respective anticlinal and syn- 
clinal folds. Accordingly, specific targets were 
selected where the favourable formation had been 
subjected to intense folding. 

The target area on the nose of the anticline on 
the east side was called Number One Area and that 
on the trough of the syncline was called Number Two 
Area (see figure three). The geological working hy- 
pothesis was that the favourable New Calumet hori- 
zon with a geological environment similar to the 
Brunswick deposits could also be mineralized along 
strike. If this should occur in the folded region, then 
the chances for a large sulphide body would be very 
good. Subsequent work revealed sulphide bodies in 
both areas; however, the Number Two Area was most 
fruitful and for purposes of this paper, all attention 
will be devoted to it. 


THE STRUCTURE AT THE CARIBOU DEPOT; 
NO. 2 AREA 


Figure four shows the detailed photo linears in 
the vicinity of the Caribou depot in the Tetagouche 
Area. Two fold axes which strike about north 20 
degrees east are quite apparent. Accordingly recon- 
naissance geological traverses were made over the 
key points to locate favourable rock sequence and 
trace it through the folded structure. 

The first traverse was made across the structure 
along the old lumbering road of the Bathurst Power 
and Paper Company. A few isolated outcrops esta- 
blished the axis of the steep northerly plunging syn- 
cline. A main horizon of quartz-feldspar augen schist 
was noted and locally, the shearing is so intense that 
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FIG. 4 


Photo linears and initial geological traverses at the Caribou Depot No. 2 area. 
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FIG. 5 


the augens have been destroyed and the rock is pro- 
perly a quartz sericite schist. 

The second traverse was made south of the road 
where outcrops are few and far between; however, the 
fold axis was further verified and an important intra- 
volcanic sedimentary zone was recognized on the 
upper Forty Mile Brook in contact with quartz-feldspar 
augen schist on the west limb of the syncline. The 
schistosity is parallel to the bedding and therefore 
the photo linears clearly trace out this very important 
horizon. 

The third traverse was made on the north side of 
the road to check the augen schist on the east limb 
and an east-west intersecting linear which was sus- 
pected to represent a cross fault. 

The photo linears showed exactly where to test 
the structure to check specific rock types for mineral- 
ization but extensive drift cover necessitated final 
resort to electromagnetic and soil sampling methods. 
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Vertical loop electromagnetic ground survey on the Anaconda fold. 


ELECTROMAGNETIC WORK 

After compiling all data, plans were made to apply 
both airborne and ground electromagnetic surveys. 
Lines were laid out to intersect the geological struc- 
ture wherever possible at right angles to the strike 
since the sulphide bodies would be conformable to 
the structure. 

The airborne work was done with a dual frequency 
instrument having a low frequency of 400 cycles per 
second and a high frequency of 2300 cycles per se- 
cond. Many hundreds of anomalies were obtained from 
graphitic sedimentary rocks particularily on the west 
side of the Number Two Area. However, two signifi- 
cant anomalies were obtained on lines 6 and 89 locat- 
ed over the trough of the synclinal structure. 

Shortly thereafter, picket lines were cut through 
the forest and underbrush for location and access, then 
a vertical loop electromagnetic survey was run. Figure 
five shows the general pattern of high conductivity. 
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The elliptical symbols show the location of the con- 
ductor axis. It is apparent fromthe ground survey that 
the conductor lies in the trough of the fold and ex- 
tends along each limb. Also, another conductor is lo- 
cated about one mile north east and so the base line 
was continued to cover this area. 

Some of the airborne anomalies could be eliminat- 
ed by geological traverses when outcrops of graphitic 
sediments were recognized. However, the extensive 
overburden covered most of the conductive rock so 
that recourse was also had to geochemical testing. 
Using the conventional dithizone method, a high back- 
ground of heavy metals was noted in the soils in the 
area around the trough of the fold. A few of the springs 
emerging on the north west limb also contained a high 
background of heavy metals. Conversely, the soils 
over the conductor one mile north east did not contain 
unusual amounts of heavy metal. 

In December of 1955, the first diamond drill hole 
in the Caribou area located on picket line 1] on the 
east limb intersected over 50 feet of massive pyrite 
with interesting values in lead, zinc, silver and 
copper. Similarily the next hole on picket line 2 on 
the west limb intersected sulphides about 1,200 feet 
north west. It was then apparent that a large sulphide 
body had been discovered. As suspected, later drill- 
ing on the conductor located one mile north east in- 
tersected only graphite. 


ELECTROMAGNETIC 


AIRBORNE 


Dual Frequency 


In order to give some comparison of the electro- 
magnetic results obtained from airborne and ground 
work, figure six shows some selected profiles over 
both sulphide and graphitic conductors. The exact 
position of the airborne anomalies is not known but 
those on lines 6 and 89 would correspond roughly 
with the ground vertical loop over lines 2 and 1] re- 
spectively and the latter represents about 50 feet of 
massive sulphide. 

Line 94 of the airborne and line 5A of the ground 
vertical loop represent the graphite lens located one 
mile north east on strike with the Caribou sulphide 


body. 


CARIB OUSSULP HIDES BODY 
Detailed drilling of the sulphide body shows a 


more or less continuous layer varying from forty to 
over one hundred feet thick which extends around the 
trough of the fold. The shape of this sulphide body 
is shown diagrammatically in Figure 7. The axial 
plane of the syncline strikes about N. 20 degrees E. 
and dips steeply toward the east. The east limb 
strikes east to north east and dips steeply north. The 
west limb strikes just west of north and dips verti- 
cally to steeply east. 

The hanging wall rocks on both limbs are well 
sheared quartz and feldspar augen chloritic schist. 
The augens vary in size up to one inch in length and 
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FIG. 6 Electromagnetic survey profiles. 
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could be of porphyroblastic origin. The host and foot- 
wall rock is a dark green platy chloritic schist. Lo- 
cally there are unreplaced horses of this rock within 
the sulphide body. Below the footwall chlorite schist 
there is a highly contored layer of black slate of var- 
iable thickness in turn underlain by andesite. 


FURTHER DISCUSSION 


While the geological hypothesis used as a basis 
for exploration in the Tetagouche area may not offer 
a satisfactory explanation for the origin of the de- 
posits, it was effective in discovering them. As a 
further measure of its value, seven conductive zones 
were drilled, of which four turned out to be sulphide 
zones. 

It is not to be inferred that the intra-volcanic 
sediments are one distinct and separate horizon that 
can be traced for miles. On the contrary, they occur at 
various horizons within the augen schists and gneisses. 
As previously pointed out by Holyl©), these sediments 
occur within a wide band which can be traced around 
the district in a large, steep-sided, irregular, domal 
structure. This structure might be achieved by cross 
folding north east trending folds along a north west 
axis. Sulphide bodies have been found around the 
periphery of the structure and some odd ones in the 
centre. The source could have been deep seated ig- 
neous, near surface igneousor even some process of 
lateral secretion from intra-volcanic sediments. 


CONCLUSIONS 


The success of the Anaconda exploration program 
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in the Bathurst district was due to the sound applica- 
tion of geology and aerial photographs followed by the 
judicious use of both airborne and ground geophysical 
methods supplemented by some geochemical work. 
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FIG. 7 The Anaconda fold containing the Caribou sulphide body. 
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BONANZA PROJECT, 
BEAR CREEK MINING COMPANY 


ABSTRACT: 


This paper is a case history of an exploration venture for base metals, begun 
by the Rocky Mountain District of Bear Creek Mining Company in 1952 and 
completed in 1954. The project was based on the idea of W. §. Burbank, U. S. 
Geological Survey, that commercial deposits of base metals might occur in 
Paleozoic sediments beneath hydrothermally altered volcanic rocks in the 
Southern Bonanza mining district, Colorado. Here, an area of andesitic rocks, 
four square milesin extent, has been argillized, pyritized, chloritized and 


silicified. 


Geological, geophysical and geochemical studies were followed by the diamond 
drilling of three holes totalling 6,220 feet. Further alteration ang geochemical 
studies were made on the cores from these holes. A brief review of the altera- 


tion and geologic mapping, colored aerial photograph interpretation, geochemt1- 
cal soil and rock sampling, magnetic, gravity and radio-metric surveys are 


presented together with some conclusions regarding this work. 


IN TRODUCTION 


This paper is a case history of an exploration 
venture for base metals, begun by the Rocky Mountain 
District of Bear Creek Mining Company in 1952 and 
completed in 1954. 

Important contributions were made to the project 
by personnel of the Rocky Mountain District and the 
Geophysics Division. Individual acknowledgements 
to these people are made at the end of the paper. 


HORS THE sPROJEGH 


The project was based on the idea of W. S. 
Burbank (1947, p. 444) that commercial deposits of 
base metals might occur in Paleozoic sediments be- 
neath hydrothermally altered volcanic rocks in the 
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Southern Bonanza mining district, Colorado. Paleozoic 
sedimentary rocks, including the favorable Leadville 
limestone, are exposed three miles south of the alter- 
ed area, and reason exists to believe that they might 
underlie it within a reasonable depth. Alteration of 
pre-mineral volcanic rocks has been used success- 
fully as a guide to concealed orebodies in the Main 
Tintic and East Tintic mining districts, Utah (Bill- 
ingsley, 1933, p. 120-122; Lovering et al, 1949; Howd, 
1957, p. 124-134; Cook, 1957, p. 73) and could be a 


useful guide here. 


GENERAL GEOLOGY AND STRUCTURE 


The Northern and Southern Bonanza mining dis- 
tricts are northwest of the San Luis Valley in south- 
ern Colorado, just within the northeastern edge of the 
San Juan volcanic province. The districts arelocated 
on the southern extension of the Sawatch uplift, a 
prominent northwest-trending structural high. The 
highly productive mining camps of Leadville, Gilman 
and Aspen are on the northeastem and northwestern 
flanks of this uplift where Paleozoic limestones have 
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been mineralized. 

In the area adjacent to the Bonanza mining dis- 
tricts about 5000 feet of Paleozoic strata lie uncon- 
formably upon a complex of granites, gneisses and 
schists of Precambrian age. The lower part of the 
Paleozoic section consists of 1000 feet of Ordovi- 
cian, Devonian and Mississippian limestone; the upp- 
er part consists of 4000 feet of Pennsylvanian and 
Permian arkose, sandstone and shale. The Paleozoic 
limestone exposed three miles south of the Southern 
Bonanza district is locally dolomitized and silicified 
and shows scattered manganese and iron staining. 

The Tertiary extrusive rocks of the area rest un- 
conformably upon all earlier rocks. Steep contacts 
between the volcanic and older rocks suggest that 
the topography at the time the earliest flows were 
extruded was as rugged as that today. The volcanic 
rocks of the Bonanza mining districts include a com- 
plexly inter-layered series of andesites, latites and 
subordinate rhyolites and tuffs. They are pre-Conejos 
(Oligocene) in age, probably equivalent to the Silver- 
ton series of the western San Juan Mountains, one of 
the oldest groups of extrusives in this volcanic 
province. 

Igneous rocks intruding the volcanics include 
stocks of granite porphyry; dikes, sills, and stocks of 
quartz monzonite; a large sill of latite (Eagle Gulch 
latite); dikes of latite; and plugs of andesite. 

The Paleozoic rocks of the Bonanza region were 
folded, broken by thrust faults, and deeply eroded 
before being covered by Tertiary lava. The sediment- 
ary rocks are preserved only in synclinal basins simi- 
lar to thosein the Monarch, Indian Creek and Tomichi 
areas, about 25 miles north of the Bonanza districts. 
Two periods of deformation of post-Carboniferous and 
pre-Tertiary age are indicated: the earlier one pro- 
duced northwest trending folds, and the later one re- 
sulted in extensive thrusting of older formations from 
south to north. 

Burbank (1932, p. 43) had difficulty in determin- 
ing the structure of volcanic rocks in the Northern 
Bonanza district because of poor exposures and the 
absence of good mappable units. These difficulties 
are accentuated in the Southern Bonanza district 
where, in addition, subsurface information is un- 
obtainable. 

Burbank’s map (1932, plate 1) shows a pronounc- 
ed doming of the volcanics in the Northern Bonanza 
area. He believes that the doming was caused by a 
large unexposed intrusive and that later subsidence 
broke the volcanic cover into a complex and intricate 
pattern of small, tilted fault blocks dipping away from 
the center of the dome. The subsidence is possibly 
related to a caldera structure, similar to others in the 
San Juan volcanic province (Burbank, personal com- 
munication, 1953). 

The larger faults and fissures of the Northern 
Bonanza district trend north and east, and nearly all 
have relatively low dips. The displacements on most 
of the faults are small, the vertical component of 
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movement commonly being greater than the horizontal. 
In the Southern Bonanza district faults and fissures 
trend predominantly northwest and dip steeply (see 


Figure 1). 


MINERALIZATION 


The Bonanza mining districts have a recorded pro- 
duction of about $9,000,000 to 1946, the values are 
mainly in silver, copper and lead. Only about two per- 
cent of this total, or about $200,000, was produced 
from the Southern district. 

The ore deposits are entirely within the volcanic 
rocks, the principal form of the bodies being tabular 
and vein-like. The veins so far developed occur along 
fissures and faults, are relatively narrow and have 
been exploited only to shallow depths. Individual ore- 
shoots commonly are high-grade but are distributed 
irregularly within the veins. The total mineralized area 
is about 30 square miles, but because of lack of con- 
tinuity and the difference in mineralogy of the veins, 
this larger area has been divided into the Northern 
and Southern districts (see Figure 1). The character- 
istics of mineralization in the Northern district may be 
summarized as follows: (1) Veins yield ores of lead, 
zinc, silver and copper; (2) Sulfide minerals include 
pyrite, sphalerite, galena, chalcopyrite, enargite, 
bornite, stromeyerite and chalcocite; (3) A zoning is 
evident with lead-silver ore changing to copper-silver 
ore and finally pyrite in depth; (4) Gangue minerals 
are quartz, barite, calcite and rhodonite. The charact- 
eristics of mineralization of the Southern district are: 
(1) Veins yield chiefly silver ores; (2) Sulfides are 
sparse but include pyrite, chalcopyrite, sphalerite, 
galena, enargite, pyrargyrite, proustite and tennantite; 
(3) Gangue minerals are quartz, rhodochrosite, fluorite 
and adularia. 

The intensity and localization of hydrothermal 
alteration differs between districts. In the Northern 
district alteration is confined to, and controlled by, 
premineral fissures and faults and is generally of 
relatively small areal extent. In the Southern district 
an area of approximately four square miles has been 
pervasively altered. The localization of alteration 
by fissures and faults is apparent only near the mar- 
gins. Mines and prospects in the Southern district 
show a peripheral relation to the center of hydrother- 
mal alteration activity, whereas those in the Northern 
district generally are not related to large patches of 
alteration. 

The Bonanza districts resemble other mining dis- 
tricts in the San Juan province, such as Summitville, 
Creede, Animas and Eureka, in which the mineraliza- 
tion is considered to be Late Tertiary in age. Since 
most of the base metal replacement ore in the major 
mining districts of Central Colorado is regarded as 
Late Cretaceous or Early Tertiary in age, some might 
be discouraged from exploring under volcanics show- 
ing Late Tertiary mineralization. However, age of 
mineralization does not necessarily determine the size 
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and type of an orebody. With the possible exception of 


the Ouray district, favorable Paleozoic limestones 
have not been adequately investigated in Colorado 


where they are overlain by mineralized or altered vol- 


canics. Furthermore, evidence from the Main Tintic 
and East Tintic districts, Utah (Billingsley, 1933, 


p. 120-122; Lovering et al, 1949; Howd, 1957, p. 124- 


134; Cook, 1957, p. 73) where all of the economic 
mineralization is confined to the sediments and none 
occurs in the overlying premineral altered volcanic 
rocks, encourages the search elsewhere for ore in 
sediments covered by altered volcanics. 


PROJECT RESULTS (EXCLUDING DIAMOND DRILLING) 


Mapping of Sedimentary Rocks 
The sedimentary rocks exposed southeast of 


Regional Geologic Sketch Map of the Bonanza Mining Districts, Saguache County, Colorado. 


Bonanza were mapped by Burbank on a reconnaissance 
scale of one inch to one mile at the time he studied 
the Bonanza mining district. Because these sediment- 
ary rocks might continue northward under volcanic 
cover, it was decided to remap the area south of 
Bonanza in more detail and to extend the mapping 
southeastward. Generalized results of this work are 
shown on Figure 1. 

The distribution of units as determined by us 
agreed well with Burbank’s mapping, although the 
structural interpretation differed in a fewplaces. In 
section 28 we found a previously unknown northeast- 
ern extension of a windowin the volcanics. This ex- 
posure was of special importance since along its 
east side it provided evidence for a thrust fault, named 
the Columbia thrust by us. We concluded that the 
breccia in section 27 also represents the basal part of 
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a thrust plate, probably related to the Columbia thrust 
fault. It is likely, however, that the Kerber and Colum- 
bia thrust faults actually are eroded remnants of the 
same undulating thrust plane (see Figure 1). Our work 
supports Burbank’s view that the axial plane of the 
Kerber syncline extends into the vicinity of Kerber 
Creek and that sediments probably do exist beneath the 
volcanics in at least part of the Southern Bonanza 
district. 


Tb! 


Mapping of Volcanic Rocks 


The volcanic rocks of the Southern Bonanza dis- 
trict were mapped on a scale of 1 inch equals 500 feet; 
generalized results are shown on Figure 2. 

Several varieties of extrusives were recognized, 
but only the Rawley andesite is discussed here since 
it is the predominant rock unit exposed in the Southern 
Bonanza district. Considerable effort to subdivide it 
into smaller mappable units was unsuccessful chiefly 
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because of the lenticular nature of its component 
flows and flow breccies, their apparent chemical uni- 
formity at surface, and poor rock outcrops. Drill holes 
1, 2 and 3 which penetrated this unit, revealed an 
alternation of latites, andesites and flow breccias. 
Even with detailed megascopic logging and micro- 
scopic study of the core it was found difficult to cor- 
relate specific flows cut by drill holes less than a 
mile apart. Near the southeast corner of section 17 
the basal flows and breccias of the Rawley andesite 
contain abundant fragments of Precambrian and sedi- 
mentary rocks. These fragments probably were picked 
up in the flows by plucking action at the time of ex- 
trusion. The lenticular nature of the flows indicates 
that incorporated foreign fragments-were not transport- 
ed far, consequently some indication is given as to 
what rocks underlie the flows. 

The geologic relationships suggest the rugged 
prevolcanic topography was covered by thin flows of 
latite, andesite and locally, by thick extrusions of 
flow breccia. The distribution of individual flows and 
the structures within them is haphazard. Multiple 
sources are indicated for the volcanics; two of these 
probably are represented by the andesite plugs which 
cut sedimentary rocks east and west of the Kerber 
anticline (see Figure 1). 

In describing the Greenback Gulch volcanic neck 
Burbank (1932, p. 34-35) states that: ‘‘Centering about 
the lower part of Greenback Gulch is a large necklike 
intrusive complex of oval outline that may be likened 
to a large-scale intrusion breccia. The central part of 
the complex is composed of intrusive bodies and rami- 
fying dikes of rhyolite, enormous blocks of the ande- 
site country rock, and bodies of altered breccia of 
indeterminable origin. The chaotic distribution of the 
different rocks in this central part and the intense hy- 
drothermal! alteration to which they have been subject- 
ed make it necessary to generalize the geologic map- 
ping and to represent a large part of this complex by a 
single pattern on Plate 1. There is little doubt that 
the complex represnets a volcanic neck or pipe.’’ Our 
more detailed mapping, pitting and drilling suggested 
a different interpretation of this structure. Because of 
the extreme sparsity of outcrops in the area of the hy- 
pothetical volcanic neck, it is assumed that Burbank’s 
mapping must have been based largely on float. Exca- 
vation of pits here demonstrated that at least 10 feet 
of alluvium and talus exists on most of the slopes; 
and in most cases the pits did not encounter bedrock. 
Both drill holes 1 and 2 should have penetrated the in- 
trusive neck postulated by Burbank but instead cut a 
normal sequence of Rawley andesite. 


Mapping Alteration in Volcanic Rocks 
Four map units were established megascopically 
based on the degree of alteration of the phenocrysts 
of feldspar and ferromagnesium minerals. These are: 
1. Silicification: At least 90 percent of the rock is re- 
placed by silica. Silicification can be distinguished 
from quartz veining by the preservation of outlines 


of the original rock-forming minerals. 


2. Intense argillic alteration: The phenocrysts in the 
rock are completely converted to kaolinite, sericite 
and silica, and outlines of the original phenocrysts 
are vague. Petrographic and X-ray work indicates 
that kaolinite is the most common argillic mineral 
found in surface rock exhibiting this degree of al- 
teration, but below 200 feet, as indicated in drill 
hole 1, sericite becomes the principal alteration 
mineral. 

3. Moderate argillic alteration: Outlines of all pheno- 
crysts are distinct. The feldspar phenocrysts are 
partly converted to secondary minerals, and the 
ferromagnesium minerals commonly are entirely 
changed. Secondary minerals representing this in- 
tensity of alteration are: kaolinite, chlorite, seri- 
cite, calcite, pyrite and epidote. 

4. Fresh rock: The feldspar phenocrysts are relatively 
unaltered, but the ferromagnesian minerals commonly 
are converted to chlorite and epidote, possible pro- 
ducts of deuteric alteration. 

Reconnaissance traverses made in 120 square 
miles surrounding the Bonanza districts revealed no 
large area of hydrothermal alteration other than that in 
the Southern Bonanza district. 

A total area of 4 of a square mile is underlain by 
silicified rocks and an area of about 1% square miles 
is underlain by intensely argillized rocks. The princi- 
pal areas of silicified rocks, roughly forming a cir- 
cular or “‘doughnut’’ shaped pattern, lie within zones 
of intense alteration; these zones are bordered by 
moderately argillized lavas. Intense argillic alteration 
tends to be pervasive, whereas the areas of moderate 
alteration are controlled more by fissuring. 

Because of the massiveness and hardness of 
silicified rock it resists weathering and forms con- 
spicuous outcrops. Since argillized rock weathers into 
‘‘lows’’ because of its softness, such rock probably 
underlies a greater area than indicated on Figure 2. 

Extensive limonite staining and small voids in- 
dicate that the altered rocks also have been pyritized. 
Drilling disclosed that pyrite, occurring both as frac- 
ture-fillings and disseminations, is most abundant in 
intensely argillized rock but also occurs in silicified 
and moderately argillized rock. Oxidation of the dis- 
seminated pyrite normally extends to 50 feet in depth, 
but locally some of the mineralized veins show limonite 
and manganese oxides to depths of 300 feet. 


Color Photography 

An effort was made to determine whether various 
altered rocks could be distinguished on colored aerial 
photographs. Both Bonanza districts were photographed 
on a scale of ] inch equals 800 feet. The only type of 
alteration that could be positively and consistently 
identified in the color transparencies was silicifica- 
tion; intense argillic alteration could be recognized 
only with difficulty, and then it was easily confused 
with exposures of tuff. For this particular area color 
photographs cannot take the place of field mapping of 
alteration, but they are particularly useful for locating 
areas of alteration during reconnaissance, and they do 
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help in efficiently planning traverses. 


Geochemical Prospecting 

All geochemical samples were taken by Bear 
Creek personnel and analyzed with our equipment. 
During the early stages soil samples were prepared 
and analyzed in the field, but later a permanent geo- 
chemical laboratory was established in Denver with 
facilities for analyzing soil, rock and plant samples. 
For the geochemical analysis, samples were digested 
in a hot nitric acid solution and the metal values de- 
termined by standard colorimetric techniques. Dithi- 
zone was used for lead and zinc, biquinoline for 


copper, and periodate for manganese. 

An area of approximately 50 square miles around 
the Bonanza districts was covered by a reconnais- 
sance geochemical survey. Samples were collected 
from alluvium, mainly at stream intersections and 
analyzed for total heavy metals. This work disclosed 
broad anomalies of about three times background over 
the districts. The anomalies probably reflect contam- 
ination from old mine dumps. 

Subsequently, a more detailed geochemical sur- 
vey was made in the Southern Bonanza district in con- 
junction with claim staking. Soil samples were taken 
approximately nine inches to one foot below the sur- 
face at all corner, side-center and location stakes. 
The 500 samples collected were analyzed for zinc 
and copper. An anomaly averaging 75 ppm copper 
within a background of 10 ppm was found at the south 
side of section 5, between Crown Point Gulch and 
Power Line Gulch. This anomaly is near numerous 
prospect dumps and probably reflects veins exposed 
in the prospects. A zinc anomaly was found in the 
center of Section 6 near the surface trace of the Eagle 
vein and probably is attributable to it. The highest 
values amounted to 400 ppm as compared to a back- 
ground of 50 ppm. 


Magnetometer Survey 


Early in 1953 a trial magnetic profile was made 
along the Bonanza road in Kerber Valley with a Ruska 
vertical magnetometer. Anomalously low readings 
were obtained over altered rocks probably because of 
the destruction of magnetite during alteration. In con- 
trast relatively high readings were obtained over un- 
altered Precambrian rocks. Two possible applications 
of these results were suggested; first, it might be 
possible to outline areas of hydrothermal alteration 
obscured by cover; and, second, it might be possible 
to trace the Precambrian rocks in the core of the 
Kerber anticline to the north under volcanic cover. A 
ground magnetic traverse with 400 foot station spacing 
was then made along the Bonanza road. At each mag- 
netometer station a rock sample was taken and its 
density and magnetic susceptibility determined. These 
results, displayed graphically on Figure 4, show a 
close correlation between intense alteration, low mag- 
netometer readings, low density and low magnetic 
susceptibility. We were thus encouraged to undertake 
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an aeromagnetic survey, but the contractor concluded 
that the topography was too rugged and the elevations 
too high for safe handling of the plane. Consequently 
ground magnetometer traverses, 4000 feet apart with a 


400 foot station interval, were made. Because of the 
extremely erratic nature of the data the magnetic ano- 
maly low that we had anticipated over the altered 

area and the magnetic high expected over the Precam- 
brian did not materialize. Thickness variations in the 
flows probably distorted the magnetic expression of 
underlying rocks, and the fairly rugged topography 
traversed may also have introduced some effects. A 
northeast magnetic traverse, just north of the volcanic- 
sediment contact, gave a slight indication of a high on 
projection of the Precambrian core of the Kerber anti- 
cline but the next traverse, 4000 feet further north, 
gave no indication of it. The traverses across the 
area of hydrothermal alteration gave no indication of 
an anomaly similar to that found in the original mag- 
netic traverse along Kerber Creek. Extreme variations 
in magnetic susceptibility in the flows probably mask- 
ed the subtle anomalies expected. 


Gravity Survey 


Because of the density contrast between the thick 
arkoses of the Maroon formation and all older rocks it 
was hoped that a gravity survey might indicate the 
northward projection of the axis of the Kerber anti- 
cline. An additional possibility existed that hydro- 
thermally altered volcanics could be distinguished be- 
cause of their density contrasts with fresh rock (see 
Figure 4). Unfortunately, the results of a survey by 
our Geophysics Division showed no relation of results 
to any conceivable geologic or structural feature. It 
was concluded by our geophysicists that the problem 
of adequately correcting the gravity data in rugged 
terrain has not been completely solved. It would ap- 
pear therefore that the degree of error in the topo- 
graphic and elevation corrections masked the effect 
of any expected anomaly. 


Scintillometer Survey 


A radiometric survey was undertaken inthe South- 
ern Bonanza district using a LaRoe Portable Scintill- 
ation Detector. Although high intensity anomalies were 
not detected, a widespread anomaly of low intensity, 
found near the common corner of sections 7, 8, 17 and 
18, amounted to between three and four times back- 
ground (see Figure 2). This anomaly correlated re- 
markably well with the southern edge of the intense 
alteration. The radioactivity detected evidently is 
caused by minerals of uranium and thorium or by K 40, 
the radioactive isotope of potassium. The latter cause 
seems the more likely because of the close corres- 
pondence of the anomaly to intense sericitic alteration; 
a corollary fact is that areas of silicification with 
little sericite in the Southern Bonanza area are abnor- 
mally lowin radioactivity. 

To check this explanation rock samples were sub- 
mitted to the Colorado School of Mines Research 
Foundation for precise determination of radioactivity 
and potassium. A definite increase in radioactivity 
was indicated with an increase in potassium, so it 
appears likely that sericite, a potassium-bearing 


mineral and a common constituent of the altered rock, 
is responsible for the anomaly. 


PROJECT RESULTS — DIAMOND DRILLING 


The primary objective of our drilling, to deter- 
mine whether Paleozoic sediments exist beneath the 
volcanic cover, was unfortunately never achieved as 
all three drill holes bottomed in volcanic rocks. 

Drill hole 1 was planned to penetrate the flanks 
of the Kerber syncline beneath volcanic cover and 
also to determine whether hydrothermal alteration in 
the volcanics persists at depth. This hole was ter- 
minated at 1892 feet because of excessively difficult 
drilling conditions in the highly altered volcanic rocks. 
Drill holes 2 and 3 were planned primarily to establish 
whether sedimentary rocks exist at reasonable depths 
and also to determine the character and shape of the 
alteration zone. Drill hole 2 was terminated at 2490 
feet because the limit of the drilling equipment had 
been reached. Drill hole 3 was stopped at 1837 feet 
because a correlation of the geology with drill hole 2 
strongly suggested that sediments would not be en- 
countered within less than 2500 feet. (see correlation 


of flows, Figure 3) 


Lithology 

"Drill holes penegrated only the Rawley andesite, 
consisting mainly of alternating andesite and latite 
flows and flow breccias together with subordinate 
rhyolites, dacites and basalts. 

It is very difficult to identify precisely the orig- 
inal composition of the rocks in drill hole 1 because 
of the intense alteration, but the general lithology of 
the rock cored appears similar to that taken from holes 
2 and 3. Quartz monzonite porphyry was also pene- 
trated between 1600 and 1820 feet in hole 1, and con- 
tact relations show that it intrudes the volcanic series. 

Determinations of dips of flow structure showed 
great variability, but when the individual dips were 
averaged for each 100 feet of hole, results were found 
to be comparable. The average dip of the flow struc- 
ture in hole ] is 34°; this decreases regularly from 
surface to 700 feet and then dips erratically to the 
bottom. Though the average dip of the flow structure 
in hole 2 is 42°, it shows a slight steepening with 
depth. Hole 3 shows an average dip of 40°, but in- 
dividual determinations are erratic over the entire 
length. 

As discussed above, the penetration of a normal 
sequence of Rawley andesite in all three holes would 
seem to disprove Burbank’s concept of a large intru- 
sive volcanic neck in the vicinity of Sections 7 and 8. 
Both drill holes 1 and 2 were collared in the volcanic 
neck, according to Burbank’s map, but no evidence of 
any intrusive body was found except for the quartz 
monzonite porphyry cut at 1600 feet in hole 1. 

Contrasted with surface exposures of the Rawley 
andesite, an unusual amount of flow breccia was found 
in drill cores of this rock; the total amount averaged 
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minerals are given on Figure 3. 


000% 


Alteration of core fromdrill hole 1: Hole 1 was 
collared near the center of the intensely argillized 
zone. The core for the entire length is strongly ar- 
gillized, sericitized, pyritized and silicified. Original 
minerals are completely replaced, only ghosts of the 
rock fabric remaining. The general appearance of the 
core and the petrographic study indicate that the in- 
tensity of alteration increases with depth in this hole. 
The coarse grained monzonite porphyry penetrated near 
con afaasle the bottom of the hole is not, however, as intensely 
Hole altered as the flow rocks. 

A striking change in the secondary minerals oc- 
curs at 200 feet. Kaolinite, the predominant alteration 
product from surface to 200 feet, is succeeded in im- 
portance by sericite. Both the kaolinite and sericite 
zones are accompanied by quartz and disseminated 
pyrite, suggesting that all may have resulted from hy- 
pogene processes. The kaolinitic zone, unlike the 
sericitic one, occurs in rock of high porosity and per- 
meability, suggesting intense leaching. The formation 
of kaolinite and the leaching of the rock near surface 
may have been caused by the activity of sulfuric acid 
produced by the oxidation of hydrothermal hydrogen 
sulfide. The kaolinite-sericite boundary may represent 
the interface between what Burbank calls the solfataric 
and sericitic environments (1950, p. 287-317). Harrison 
Schmitt (1950, p. 225) points out that the acid hydro- 
thermal environment in volcanic rocks usually is ex- 
pressed by the kaolinite group of clays, sulfates and 
often by large amounts of silica. Also sericite may 
have been deposited later and superimposed on kao- 
linite as a result of a change in composition of the 

$ hydrothermal fluids from acid to alkaline. The sericite- 

: ps kaolinite relationship and presence of fluorite in hole 
: 2 tend to support this view, although more detailed 
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/ mineralogical studies are required before these pro- 
blems can finally be solved. 

—— Topaz, first identified in hole ] at 450 feet, oc- 
| curs as bunches of small irregular grains replacing 
quartz. It develops in abundance at about 600 feet 
foun —————— then gradually decreases until it disappears at 950 
ae feet. Vein quartz, accompanied by small amounts of 
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1000 feet to the bottom of the hole. The metallic 
minerals are more abundant in the highly sericitized 
rock. Calcite and all other carbonates are absent from 


chalcopyrite and molybdenite, occurs from a depth of 


FIG. 3 Composite Section through Bear Creek Drill Holes 
1, 2 and 3, showing Lead and Copper Content, Al- 
teration Index and Mineralogy, Southern Bonanza 
Mining District, Saguache County, Colorado. sence of this mineral is important since it may have 


been extracted by hydrothermal fluids from limestones 
60 percent of hole 1, 50 percent of hole 2 and 40 per- _ underlying the volcanics. Lovering et al (1949, p. 29) 


surface to 1500 feet; there calcite appears and in- 
creases to a maximum in the last 100 feet. The pre- 


cent of hole 3. A probable explanation for this dis- have suggested that pervasive calcitic alteration of 

crepancy is that the flow breccias weather more rapid- the volcanics in the East Tintic district, Utah may 

ly than the homogeneous flow rock, and thus do not have resulted when jasperoid and ore replaced under- 

crop-out so widely at the surface. lying limestones. Specular hematite occurs throughout 

a considerable interval above and below the quartz 

Hydrothermal Alteration monzonite porphyry in hole 1 and may represent a con- 
The types of alteration encountered in each hole tact metamorphic effect. 

and the distribution of the more abundant secondary Alteration of core from drill hole 2: Hole 2 was 
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collared in fresh rock at the periphery of the main al- 
tered patch in the Southern Bonanza district. The core 
shows alternating zones of intensely altered, moder- 
ately altered and fresh rock with relatively fresher 
rock near the bottom of the hole. 

Kaolinite occurs in small amounts between 980 
and 1260 feet. Sericite also occurs relatively sparsely 
as compared to hole 1 but is found throughout the 
core, replacing feldspar phenocrysts and groundmass. 
Only in a fewplaces is argillization in this hole of 
the intensity encountered in hole 1. Chlorite and epi- 
dote are abundant for the first 650 feet and then grad- 
ually decrease with depth. These minerals occur 
chiefly as thin veinlets but also replace mafic pheno- 
crysts. Calcite, distributed irregularly throughout the 
hole, is present in veinlets and as an alteration pro- 
duct of the feldspar minerals. Fluorite occurs abund- 
antly as small veinlets for the first 300 feet and then 
appears only sporadically. The more extensively 
silicified portions of the core are composed of grey 
jasperoid; red jasperoid occurs mainly as small blebs 
in association with pyrite. Montmorillonite could be 
identified only at 1200 and 1543 feet. 

The abundance of chlorite, epidote, pyrite, cal- 
cite, and the presence of sericite make the term pro- 
pylitization very appropriate for the suite of altera- 
tion products in this hole. 

Alteration of core from drill hole 3: Hole 3 was 


collared in fresh rock. Except for some minor inter- 
cepts of moderately altered rock and one intercept of 
intensely altered rock, the core is composed of fresh 
rock for its entire length. 

Kaolinite and sericite occur in small amounts 
throughout the hole. Chlorite is particularly abundant, 
not only replacing the mafic phenocrysts but also 
forming thin veinlets. Calcite occurs chiefly in vein- 
lets and is abundant throughout most of the rock 
cored. Epidote as irregular blebs and veinlets is pre- 
sent in small amounts but becomes abundant in the 


last 150 feet. 


Mineralization 


Core from holes 1] and 2 was sampled for full 25 
foot intervals by cutting continuous longitudinal 
strips with a diamond saw. Hole 3 was sampled at 
100 foot intervals. Samples were analyzed for lead, 
zinc, copper and manganese by standard geochemical 
wet methods. The possibility of contamination from 
the saw blade was checked and discounted. All 
samples were pulverized between ceramic plates. 
Some of the more significant results of this work are 


shown graphically on Figure 3. 


Mineralization of core from drill hole 1: Copper 
shows a pronounced concentration from 1200 feet to 
the end of the hole, increasing to seven times the 
average amount found in the upper part. Lead, zinc 
and manganese, though more erratic and less abundant 


than copper, have a similar distribution. Geochemical 
results showed lower metal values than those deter- 


mined by standard chemical assays, but this is not un- 
expected since the geochemical method utilizes a par- 
tial extraction process. 

Disseminated chalcopyrite and molybdenite are 
present in core from the lower part of the hole. Spec- 
trographic analysis of this core also shows anomalous 
amounts of zirconium (0.5 percent) and tin (0.1 percent). 

Within the quartz monzonite porphyry values of 
copper, lead and zinc are low, but in the volcanics 
adjacent to it amounts of these metals increase sub- 
stantially (see especially the copper curve for hole 1, 
Figure 3), indicating a possible relation between the 
intrusive body and mineralization. 

Mineralization of core from drill hole 2: Significant 


lead, zinc and manganese anomalies found between 
1460 and 1660 feet are explained by visible veinlets 
of galena and sphalerite. The best mineralization oc- 
curs at 1599 feet where six inches of core averaged 
50 percent pyrite and 10 percent galena. Obviously at 
such a depth this ‘‘showing’’ is uneconomic, but it 
does indicate that vein type of mineralization persists 
to a considerable depth and that ore minerals were de- 
posited through a considerable vertical range. 
Mineralization of core from drill hole 3: Hole 3 
penetrated fresh rock and did not reveal anomalous 


amounts of metals. 


Core Orientation 


Three samples of core from hole 3 from depths of 
293,970 and 1115 feet were submitted to the Sperry- 
Sun Well Surveying Company for magnetic core orienta- 
tion. For the purposes of this work it is assumed that 
the volcanic rocks were polarized by the earth’s mag- 
netic field existing at the time the flows were ex- 
truded. Factors complicating the interpretation are 
that the earth’s magnetic poles may have wandered 
substantially since the extrusion of the flows and 
also that the rocks have been tilted and rotated as a 
result of faulting. Samples at depths of 293 and 1115 
feet checked reasonably well: 

293 feet, Strike S 8 W, Dip 26 East 
1115 feet, Strike S 2 W, Dip 44 East 
Many more determinations would be desirable before 
any interpretation could be made. 


Geophysical Logging of Drill Holes 
The drill holes were logged with scintillation 


equipment loaned by the Atomic Energy Commission 
and by the electrical equipment owned by Well Re- 
connaissance Incorporated. Later the holes were logg- 
ed by our Geophysics Division using McPhar electro- 
magnetic drill hole equipment. Except for the recogni- 
tion of a strong electromagnetic conductor southeast 
of hole 3 below a depth of 1300 feet, results were 
generally inconclusive. The conductor was not checked 


by other geophysical techniques or by drilling. 


CONCLUSIONS 


The most important objective of the project, to 
explore Paleozoic sediments beneath the volcanic 
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cover, unfortunately was not achieved. A hitherto un- 
recognized caldera structure, similar to others that 
occur in the San Juan volcanic province, might be 
responsible for the unusual thickness of flows in this 
area. We did establish by drilling that hydrothermal 
alteration in the volcanic rocks at surface persists 
in depth, and from evidence in hole 1 we learned that 
the intensity of alteration increases. Correlation of 
alteration intensity zones at surface with those in 
the drill holes indicates that the alteration zones 
have steep boundaries to at least 2500 feet below 
surface. 

Alteration in hole 1 is of an intense sericitic and 
argillic type accompanied by extensive silicification. 
Hole 2 cut alternating zones of sericitic and propyli- 
tic alteration. Rock from hole 3 is almost entirely 
propylitically altered. 

The intensely altered rock of hole 1 is dominated 
by kaolinite from surface to 200 feet and then by seri- 
cite to the end of the hole. This is believed to reflect 
a change of an alkaline environment at depth to an 
acid one near the surface, caused by the oxidation of 
hydrogen sulfide to sulfuric acid. Topaz and tin in 
hole 1 are of considerable interest, owing to their 
common occurrence in greisen associated with gran- 
itic intrusives. 

Copper, molybdenum, lead, zinc and manganese 
are dispersed in minor quantities in the lower 700 feet 
of drill hole 1. Chalcopyrite and molybdenite are 
sparsely disseminated throughout this zone, whereas 
pyrite is abundant in seams and disseminations 
throughout the hole. In drill hole 2 between 1460 and 
1660 feet a series of small veins was encountered, 
containing small amounts of galena and sphalerite. 
These indicate persistence in depth of vein type min- 
eralization in the volcanics of the Southern Bonanza 
district. 

An intrusive body of quartz monzonite was pene- 
trated in the lower part of drill hole 1. Specularite 
was observed in the volcanics adjacent to this in- 
trusive. Copper values also increase notably in the 
contact zone. 

Trace amounts of base metals, the persistency 
and increase in intensity of alteration in drill hole 1 
and the presence of an altered intrusive of quartz 
monzonite porphyry are all considered favorable indi- 
cations of concealed base metal orebodies. However, 
the thickness of volcanic rocks in a possible caldera 
discourages the hope that Paleozoic sediments and 
major orebodies will be found at economic depths in 
the Southern Bonanza district. 

Ground magnetometer and gravity surveys con- 
ducted to help determine whether the sediments con- 
tinue beneath the volcanics did not meet with any 
significant success. A correlation was established 
between low density, low magnetic susceptibility and 
hydrothermal alteration of volcanic rock samples. A 
ground magnetometer survey was undertaken to try 
and establish the plunge of the alteration zone, but 
interpretation was very difficult because of great 
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variations in the magnetic susceptibilities of the vol- 
canic rocks. 

Reconnaissance and detailed soil and silt geo- 
chemical sampling results did not aid the exploration 
program. Systematic geochemical sampling of the drill 
core was found more satisfactory than standard chemi- 
cal analyses for indicating trace amounts of copper, 
lead, zinc and manganese. 

An interesting correspondence was established 
between ‘‘high” radioactivity and alteration, possibly 
due to the presence of the radioactive isotope of 
potassium in sericite 

Colored aerial photographs were somewhat help- 
ful in field mapping of alteration effects. 
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TECTONIC CONTROL OF MINERAL BELTS 
IN THE SOUTHWESTERN COLORADO 
METALLOGENIC PROVINCE 


IN TRODUC TION 


The concept of metal zoning has long been re- 
cognized (Spurr, 1907, 1923; Emmons, 1924, 1926; 
Lindgren, 1933; Bateman, 1950), although it has been 
considered indistinct for most epithermal districts. 
The geometric relation of barren zones of hydrother- 
mally altered rock to ore deposits was emphasized in 
the work of Lovering (1941, 1949, 1950), Sales and 
Meyer (1948, 1949, 1950), Burbank (1941, 1950), 
Schwartz (1939, 1950), and Kerr (1947). 

Lovering (op. cit.) and Sales and Meyer (op. cit.) 
emphasized the consistent presence of barren altera- 
tion envelopes enclosing individual ore bodies, par- 
ticularly of the vein type. Schwartz (1950) noted a 
difference between the distribution of alteration zones 
described by Lovering and by Sales and Meyer, as 
compared with those associated with the porphyry 
copper deposits of the Southwest. The disseminated 
deposits of the Southwest usually occur within large 
bodies of altered rock whereas most veins do not. 

In the following discussion the mineralization 
process is conceived of consisting of two distinct 
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phases: pre-ore non-metallic alteration and metalli- 
zation. 

In the present investigation the position, size, 
and shape of all known hydrothermally altered areas 
and the position, size, and metal type of all known 
ore deposits were plotted on base maps of southwest- 
ern and west-central Colorado (Figure 1). The maps 
indicate a generally consistent geometric relation be- 
tween altered and metallized areas. The addition of 
alteration to the pattern of metal deposits establishes 
a temperature zoning pattern of much greater clarity 
than that formed by the epithermal metal deposits 
alone, and allows a more precise definition of mineral 
belts. The center of strongest mineralization is indi- 
cated to be the area of greatest barren alteration, and 
metal deposits are grouped about it both under struc- 
tural control and crudely in response to temperature 
zoning. The combination of an area of strong altera- 
tion and associated marginal clusters of metal de- 
posits is defined as a mineral district. 

The strong similarity in individual deposits, in 
groups of different types of deposits, and in the al- 
teration-metallization relation in districts throughout 
the region implies that a single metallogenic pro- 
vince is represented in southwestern and west-central 
Colorado. The occurrence of deposits in Tertiary vol- 
canics indicates a late Tertiary metallogenic epoch, 
although an early Tertiary epoch is known locally as 
at Ouray. 

Patterns formed by mineral districts can be 


FIG. 1 Tectonic, intrusive, and mineral belt pattern in 
westem Colorado. Note: Geology modified from 


state geologic map. 


determined by considering only altered district centers, 


the areas of strongest mineralization. 

Regional patterns of mineralization (alteration 
centers) are well resolved into belts or isolated clus- 
ters which are generally coextensive with intrusive 
patterns, but which more specifically reflect regional 
tectonic trends and intersections as the ultimate con- 


trolling features for both intrusives and mineralization. 


The writers are indebted to T. M. Phetteplace 
and FE). £. Anderson for aid in compliation of data. 


METHODS OF INVESTIGATION 


The general types and intensities of alteration 


were interpreted from oblique aerial color photographs. 


Weakly altered areas appear fresh from the air and 
were therefore excluded, with greater focus on small 
areas of the most intense alteration which are inter- 


preted as areas of feeding. 


About 90 percent of the region was flown in search 


of alteration, and about 70 percent of the observed al- 
tered area was recorded on 35 millimeter color film. 
The outline, type, and relative intensity of alterations 
were transfered to 1:62,500 scale base maps on which 
generalized lithology, structure, and ore deposits were 
also plotted. 

Types of alteration were generalized according to 


color and resistance to weathering. The criterion for 
the presence of alteration was the anomalous tint in 
the normal background color of the immediate area. 
White alteration, including principally the argillic, 
alunitic, sericitic, chloritic, and anhydritic types, 
was plotted as weak or strong. Where white alteration 
may be supergene it is usually imposed on hypogene 
alteration. Silicification imparts to the rocks a darker 
than normal (gray to black) color and greater resistance 
to weathering; it is not easily recognized. Pyritization 
is the only other alteration plotted, and outside of ore 
bodies it is usually a replacement dissemination. It 
is recognized from its oxidation to limonite. Other sul- 
fides and some ferromagnesian minerals also oxidize 
to limonite, but these have distinctive colors and con- 
stitute such a small portion of bodies of pervasive al- 
teration that the limonites of such derivation may be 
neglected in this study. Indigenous limonite directly 
after pyrite was found to be almandine or dark wine 
red. Vagrant limonite is some shade of yellow, ap- 
parently depending on its distance from parent pyrite 
and degree of hydration. Pervasive limonite was dif- 
ferentiated as indicating fairly strong pyritization or 
vagrant limonite adjacent to pyritization. 

The strength of alteration was also differentiated 
and plotted according to its degree of diffusion. 

About five percent of the altered and associated 
metallized areas were ground checked, and most of 
the conditions interpreted from photographs were esta- 
blished. Most of the areas of white alteration were 
found to be argillic. Sericite and silica, as Burbank 
(1950) noted, are more closely associated with mar- 
ginal ore deposits than with the areas of pervasive 
alteration. Diffused pyrite predominates in small 
silicified areas enclosed by or on the margins of ar- 
gillic areas. 


CGHARACT ERISTICS OF ALTERED TAREAS 


Hydrothermal alteration has affected the rocks of 
the region in three volumetric degrees of intensity. 
The most intense alteration is pervasive throughout 
the rocks of an area to a depth beyond the range of 
observation. Less intense alteration that is pervasive 
only in zones bordering all fractures regardless of 
size is here termed stockwork alteration. The pattern 
of alteration zones commonly reflects the joint pat- 
tern and the intervening rock is fresh. Least intense 
alteration that is confined to zones bordering larger 
faults is termed fault-controlled alteration. The out- 
lying rocks, including those bordering joints and small 
fractures, are fresh. 

Pervasively altered rocks most commonly occur 
in the form of a pipe-like body. The bottoms of alter- 
ation ‘‘pipes’’ are beyond the range of observation. 
Because of the irregularity and in some places strong 
lenticularity of the bodies in plan, the term “‘pipe’’ is 
used in a broad sense. The long axes of virtually all 
pipes observed are nearly vertical. Pipe contacts are 
always gradational and are seldom marked by any type 
of structure. They are generally enclosed by concentric 
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zones of stockwork alteration, then fault-controlled 
alteration. Alteration was observed to have spread 
laterally from pipes as much as ten miles in favorable 
horizons. 

Many pipes are localized by and enclose portions 
of regionally important faults. A greater number en- 
close portions of intrusive contacts, particularly 
where intrusives are coarse-grained granular. Some 
alteration pipes are also structural and contain ex- 
plosion or fault breccia. However the greatest number 
of pipes are not directly associated with any type of 
significant structure that could be interpreted as a 
feeder. They simply occur in any rock type, and com- 
monly transgress several rock types. The only dif- 
ference between rock inside and outside the pipe, ex- 
cept for alteration, is a possible increase in the num- 
ber of joints inside the pipe. These relations strongly 
suggest that the structureless pipes were formed by 
solutions rising under great pressure at random points 
in an area. 

Indirectly, however, the alteration pipes are re- 
lated to faults and intrusives. Pipes are most common 
in areas of strongest deformation and intrusion. In- 
dividual pipes existing under no direct structural con- 
trol may be confined in a broad zone up to several 
miles wide enclosing a large fault or igneous contact, 
where narrow belts of pipes are not associated with 
any recognized fault or igneous body ancient concealed 
faults are suspected. 


RELATION OF ALTERATION 


TO METALLIZA TION 


Very few metal deposits occur within pervasive 
alteration pipes, and ore bodies are rare. They occur 
as replacement disseminations of pyrite, and less 
commonly chalcopyrite, molybdenite, and specularite; 
short, thin precious metal veins; and breccia pipe 
fillings rich in base and precious metals. Deposits 
are also uncommon in the stockwork alteration zone, 
but the outer zone of fault-controlled alteration con- 
tains commercially important veins and limestone 
mantos. 

The metal-alteration relations in the central per- 
vasive alteration zone are similar to those described 
by Schwartz (1945, 1947, 1950) and others for the por- 
phyry coppers, and the deposits are actually ‘‘por- 
phyry’’ type disseminations. The metal-alteration re- 
lations in the outer zone where commercial deposits 
predominate are similar to those described by 
Lovering (1941, 1949, 1950) and by Sales and Meyer 
(1948, 1949, 1950) for vein deposits. The district-wide 
relations match those noted by Burbank (1941, 1950) 
for the San Juan Mountains in that the large volumes 
of clay-quartz alteration are separated from the small- 
er volumes of sericitic-quartz alteration, and that the 
latter type is more directly associated with metal de- 
posits. The most significant conclusion resulting from 
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FIG. 3 


Alteration and metallization patterns, La Plata greater district, La Plata County, Colo. Geology by 


J. W. Gabelman, E. E. Anderson, T. M. Phetteplace, and W. H. Boyer, 1956-1957. Note: Basic 


geology derived from literature. 


the present study is that most valuable metal deposits 


occur not within, but adjacent to, the pipe-like bodies 
of colorful pervasive alteration. 

Investigation in the literature and on the ground 
of the types of metal deposits demonstrates a crude 
horizontal zoning of metals around the peripheries of 
the pipes (Figures 2 & 3). In some districts (Ouray 
and Ruby in Pitkin County) specific mineral zoning is 
apparent, but in most it is vague and is expressed in 
the sequence of precious metal, base metal, and pre- 
cious metal zones outward from the alteration pipe. 
Strongly mineralized districts are the most complex 
and complete in the number of zones and deposits. 
As comparative intensity of mineralization in various 
districts becomes weaker, the zones in a district be- 
come fewer to the extreme of simple argillic pipes 
without associated metal deposits. 


Although the deposits of the region have been cor 


sidered typically epithermal, mineralogy and textures 


suggest that the inner portions of districts represent a 


much higher temperature environment than the edges, 
and that in strongly mineralized districts the centers 


may be even hypothermal. 


ALTERATION AND IGNEOUS ROCKS 


The intrusives of the region are intermediate to 
felsic and, with minor exceptions, are of two textural 


types. Porphyritic intrusives are generally concordant 
laccoliths, sills, and dilation dikes; they have pre- 
pared their own space by forcing apart beds or frac- 
ture walls. Their inability to assimilate, heat, or 
alter wallrock indicates their dryness and suggests 
a shallow environment of low temperature. Generally 
coarse-grained, equigranular intrusives occur as dis- 
cordant stocks which have assimilated and altered 
their walls, indicating a magma high in volatiles and 
capable of heating the intruded rocks. The stock en- 
vironment was of a more confined and deap-seated 
type than that of the laccoliths, although the magma 
probably intruded to depths more shallow than that 
of concordant intrusives. 

An Eocene age is established for a porphyritic 
laccolith at Ouray (Burbank, 1940, p. 197-200), where 
a Miocene erosion surface truncates the intrusive. 
Similar laccoliths with inconclusive age relations in 
the Rico, La Plata, West Elk, and Elk mountains are 
also considered Eocene by virtue of their similarity 
(Burbank, 1933, p. 309-310), but may be post-Miocene 
if judged by their petrographic relation to middle Mio- 
cene volcanism (Larsen and Cross, 1956, p. 220), and 
by the alignment of laccoliths along fault zones that 
cut Miocene volcanics in the West Elk Mountains. 
Equigranular intrusives are considered younger than 


the laccoliths (Larsen and Cross, 1956, p. 220) in the 
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San Juan Mountains; in the La Plata Mountains they 
actually cut the porphyritic rocks (Figure 3). This re- 
lation may hold by virtue of similarity of events, for 
the remaining areas discussed. In the Elk Mountains 
the Treasure Mountain equigranular granite stock is 
clearly younger than monzonite dikes which Vanderwilt 
(1937, p. 51) correlates with the laccoliths, sills and 
dikes of the region. He also considers this stock the 
same age as the other equigranular stocks (all grano- 
diorite) in the mountains. 

In areas of intrusion alteration patterns coincide 
with, but are less extensive than, intrusive patterns 
which are linear and do not necessarily reflect the 
Laramide deformation pattern. The amount and strength 
of alteration are consistently much greater where 
associated with coarse-grained granular intrusives, 
particularly the margins (Figure 9), than where asso- 
ciated with porphyritic intrusives (Figure 8). Thus 
very little mineralization is associated with early in- 
trusives of hypabyssal texture and much is associated 
with late intrusives of plutonic texture. Except for the 
San Juan volcanic pile the surface was lowered through- 
out the Tertiary exposing progressively deeper rocks. 
Therefore, the emplacement depth of the late coarse- 
grained intrusives was probably more shallow than that 
of the porphyritic intrusives. The plutonic character 
and greater mineralization strength probably resulted 
from a more deep-seated environment being carried 
upward with intrusion, in the form of more confined 
heat and volatiles. 

The maps also indicate that the coarse-grained 
granular intrusives predominate along the lines of 
strongest deformation (Sawatch Range and Elk Moun- 
tains, Figure 1), whereas porphyritic intrusives pre- 
dominate on the fringes (San Juan Mountains and West 
Elk Mountains, Figure 4). This suggests that stronger 
deformation tapped deeper magmatic sources, or that 
it caused the frictional generation of plutonic environ- 
ments at hypabyssal depths. Because the controlling 
deformation was principally compressional, which is 
characteristically shallow, the latter is more probable. 
In areas of strong thrust faulting, as in the Elk and 
western Sawatch mountains, alteration occurs in linear 
belts enclosing the thrusts even though intrusives may 
be absent. Thus many of the two types of intrusives 
may be of the same age. 

In volcanic areas alteration is closely associated 
with volcanic vents. 


ME TALLOGENIC PROVINCE AND EPOCHS 


Similarities in district geometry, mineralogy, and 
zoning suggest a single metallogenic province, as 
described by Lindgren (1933, Chap. 8) and Bateman 
(1950, p. 319), for west-central and southwestem 
Colorado, exclusive of the sandstone uranium-vanadium 
province. These factors remain the same throughout 
the shallow volcanic environment of the San Juan 
Mountains; the laccolithic environment of the La Plata, 
Rico, West Elk, and Elk mountains; the intrusive stock 
environment of the Elk and western Sawatch mountains; 
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the thrust-faulted fold environment of the Elk and 
western Sawatch mountains; and the shallow fold and 
small fault environment of the Eagle basin. 

Similarities in late Tertiary epithermal ore tex- 
tures and vein forms throughout the region define a 
late Tertiary metallogenic epoch. 

Early Tertiary mineralization related to lacco- 
liths has been proved at Ouray and suspected at La 
Plata and Rico (Burbank, 1933, 1941), thus establish- 
ing another metallogenic epoch. Manto ore bodies, ore 
textures, and a greater base metal than precious metal 
content, all of which are suggestive of a mesothermal 
environment, have been considered diagnostic and 
may be compared favorably with the early Tertiary 
mesothermal deposits of central Colorado (Aspen, 
Gilman, Taylor Park, Leadville). However, ore tex- 
tures and vein forms of the La Plata precious metal 
veins are more characteristic of the late Tertiary epi- 
thermal deposits. 

Precambrian hypothermal mineralization is known 
in the Front Range region and is suspected in the re- 
gion under discussion. Hypothermal textures occur in 
some veins of the Ruby-Red Mountain district (Figure 
2), Chaffee County, and in Gunnison County (Hill, 
1909, p. 21-40). Thus a third metallogenic epoch is 
indicated. More may exist. 

Because definite age relations are poor, much im- 
portance has been accorded temperature-pressure- 
depth environmental criteria in inferring relative ages 
of mineralization. However, these criteria become less 
indicative if suspected extreme zonal gradations exist 
within a single district. The textures of pyrometaso- 
matic and replacement dissemination deposits which 
have been considered hypothermal in the porphyry 
copper districts of the southwestern United States 
(McLaughlin, 1933, p. 567), are characteristic of dis- 
trict centers in southwestern and west-central 
Colorado. Mesothermal limestone replacement dis- 
tricts, such as Aspen, Ouray, Rico, and Tincup, as 
well as epithermal vein districts, contain centers of 
replacement metal disseminations (mostly pyrite). 


REGIONAL ALTERATION PATTERNS 


Because the mineral districts of the region con- 
tain colorful alteration pipes, the regional patterns of 
metallization are indicated satisfactorily by the re- 
gional patterns of alteration. Alteration patterns are 
more extensive because alteration persists along 
mineralization trends far beyond the limits of metalli- 
zation. 

The positions, orientations, and extents of belts 
of alteration pipes (Figure 1) suggest that many hy- 
drothermal deposits in the southwestern Colorado 
metallogenic province are strongly influenced by 
tectonic features of regional proportions. 

There are three types of structure in the region 
discussed, which are related to two principal tectonic 
axes: the Sawatch-White River axis with its compan- 
ion, the Elk Mountains; and the San Juan axis (Figure 
1). These gradually swing from nearly north trends in 


the southeast to east-west trends in the northwest. 
Between these two are the shorter, more moderately 
compressed axes of the Uncompahgre uplift, Montrose 
sag, Gunnison uplift, and Piceance basin. 

The Sawatch-White River axis and Elk Mountains 
are characterized by early Tertiary, north-northwest, 
sharp, asymmetric folds and accompanying strong 
thrusts. Intrusives are principally coarse-grained 
granular and of large size. They occur in lines along 
principal fold or thrust axes. Belts of alteration 
pipes have the same northwest trend and coincide 
with lines of intrusives or enclose thrusts. Several 
are parallel to the northwest tectonic grain but con- 
tain no controlling structures. 

In the San Juan Mountains late Tertiary volcan- 
ism and tensional faulting predominate but appear to 
be superimposed on the early Tertiary axis of mild 
compression. Alteration belts are curvilinear, par- 
allel to the compressional axis, linear with east 
trends not controlled by any visible structures, and 
circular enclosing eruptive centers. 

The West Elk Mountains and the Gunnison area 
in the less deformed trough between the two axes are 
characterized by mild folds, fewhigh-angle faults, 
and few volcanic centers, but by many laccoliths. 
The area represents a combination of mild degrees of 
the two marginal types and ages of deformation. Al- 
teration belts are both northwest, enclosing at least 
one prominent fault, and east controlled by no visible 
structures. 

The consistent easterly or northeasterly trend of 
many intrusive lineaments and alteration belts is not 
compatible with north-northwesterly or northwesterly 
structural trends of Tertiary deformation. The tension 
direction resulting from Tertiary west-southwest or 
southwest directed compression is parallel to these 
trends, but would vary as the direction of compressive 
movement varied. The consistent easterly trend in 
areas showing variation in compressive direction 
strongly suggests that Tertiary tension was not an im- 
portant localizing influence. 

Pre-Tertiary tectonic directions are probably re- 
sponsible. The earlier structures are most likely Per- 
mian or Precambrian, the only deformations severe 
enough to cause extensive faulting and folding. 

Late Paleozoic-early Mesozoic ancestral Rocky 
Mountain tectonic trends have been described by 
Lovering (1929) and Burbank (1933). The trends coin- 
cide in direction and roughly in position with later 
Laramide tectonic elements, and are, therefore, prob- 
ably not responsible for the easterly or northeasterly 
directions. The same can be said of the latest Pre- 
cambrian orogenic elements which persisted into the 
early Paleozoic as the Front Range and Uncompahgre 
highlands, roughly coincident in position and direction 
with the principal ancestral Rocky Mountain elements 
(Lovering, 1929). 

An earlier Precambrian tectonic axis is believed 
to have extended northeast through the southwestern 


United States (Billingsley and Locke, 1941, p. 48, 


52-53) as indicated by schistosity trends, isoclinal 
fold axes, and lineaments of igneous and tectonic 
features which do not reflect post-Cambrian struc- 
tures. The schistosity and isoclinal fold axis trend 
in Colorado is northeast to east (Lovering, 1933, p. 
273-274). In Wyoming it is northeast (Lovering, 1933, 
p. 276). Several major northeast lineaments are ap- 
parent on state geologic maps of Colorado, New 
Mexico, and Arizona, the most prominent of which ex- 
tends from the White Mountains of southeastern 
Arizona to the Raton basin of Colorado. The north- 
east direction appears again in the Devonian in the 
form of the Transcontinental arch (Eardley, 1951, 
plates 3 and 4). Billingsley and Locke (1941, p. 25) 
attribute the Front Range mineral belt to the inter- 
section of Precambrian and Laramide structures. 

If the northeast direction were an axis of Pre- 
cambrian compression, the easterly lineaments and 
belts, which are generally short, would occupy a re- 
lated shear position. 


SAN JUAN ALTERATION PATTERNS 


The outstanding Tertiary tectonic features of the 
San Juan Mountains are the northwest curving San 
Juan tectonic axis and the San Juan dome with its re- 
lated smaller laccolithic uplifts (Figure 4). These are 
overlain by Miocene and later volcanics which do not 
reflect the underlying structures, but which arelocally 
block (tension) faulted. 

Intrusions and volcanic centers form east-trending 
lineaments* which are superimposed on the northwest- 
trending portion of the axis (Figure 4). The east-trend- 
ing lineaments of intrusive and volcanic centers, how- 
ever, are not accompanied by faults that cut Mesozoic 
and later rocks. Deformation between igneous centers 
is usually weak or absent. A single intrusive lineament 
trends northeast from near Ouray. 

The principal late Tertiary structural features of 
the San Juan Mountains are calderas in which rings of 
collapsed ground surround large areas of extrusion. 
Most calderas are on east-trending lineaments. 

Pipes of pervasive hydrothermal alteration are 
restricted to comparitively narrow belts which enclose 
the San Juan tectonic axis, the principal lineaments of 
intrusions, and the margins of calderas. Alteration 
pipes also occur in isolated areas coincident with 
outlying laccolithic domes. 

The San Juan axial belt curves northwestward 
along the Continental Divide from the Platoro district 
to the Needle Mountains (Figure 4). It is productive in 
metals at either end, but the central portion is domin- 
ated by strong argillic or alunitic alteration with very 
little pyritization or commercial metallization. To the 


* Tectonic lineament is used in the sense defined by Kelley (1955, 
p. 58) to indicate an alignment of structural features, not neces- 
sarily with physiographic expression. Kelley uses ‘‘line’’ to de- 
fine an alignment of igneous features. However ‘‘line’’ was used 
earlier by Billingsly and Locke (1941, p. 13) for tear fault zones 
of regional proportions. The lineaments of southwestern Colorado 
involve igneous as well as structural features. 
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northwest this belt appears to merge with a belt en- 
closing an easterly lineament with the strongly miner- 
alized Rico dome at its western end. 

The most prominent alteration belts enclose the 
easterly lineament through the San Miguel Mountains 
and the margin of the Silverton caldera at its eastem 
end (Figure 5). The Red Mountain area, at the junc- 
tion of the lineament and the caldera, is the most 
strongly mineralized area in the region. 

Radial tension fissures control alteration belts 
extending northwest and northeast from the caldera. 
The northeast belt connects with a belt marginal to 
the Lake City caldera (Figure 4). 

A northeast alteration belt encloses a lineament, 
and possibly a small tectonic axis, which extends 
from Engineer Mountain (Ouray) toward Powderhorn. 
Mineralization is strongest at the southwest end in 
the Ouray district and dies out northeastwardly. The 
principal mineralization at Ouray is early Tertiary, 
but Miocene volcanics are mineralized to the north- 
east. 

An alteration belt encloses the margin of the 
Creede effusion center, a possible caldera (Figure 4). 

Isolated mineralized areas coincide with the La 
Plata and Rico intrusive domes. Mineralization asso- 
ciated with laccolithic domes is interpreted to be 
early Tertiary by comparison with the Ouray dome 
where Burbank (1947, p. 409) reported ore bodies 


truncated by the Miocene Telluride erosion surface on 
which the volcanics were deposited. The remaining 
mineralization involved the volcanics and is late 
Tertiary. Thus the same tectonic features control at 
least two ages of mineralization. 


THE POWDERHORN AREA 


The area south of the Gunnison River between 
Cimarron and Sargents (Figure 4) is near the crest of 
the Permian northwest-trending Uncompahgre uplift. 

A Tertiary weak zone is represented principally by a 
few discontinuous east or east-southeast faults which 
occur on the south flank of an east-trending Tertiary 
syncline along the Gunnison River. This zone meets 
with the Cimarron fault near Powderhorn. The zone 

is roughly coincident with an east-northeast belt con- 
taining volcanic effusion centers, and late Tertiary 
alteration and ore deposits (Figure 4). Although on 
the map the belt appears barren between Cebolla and 
Cochetopa creeks, mapping is incomplete and this 
segment is known to contain altered rocks. At Powder- 
horn this belt merges with a more prominent alteration 
belt enclosing the Cimarron fault. Because no struc- 
tures are visible in Mesozoic sediments between many 
alteration pipes in the former belt, it is possible that 
the Tertiary zone is superimposed on an older Pre- 
cambrian or Permian fault zone of the same trend. 
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WEST ELK MOUNTAIN 
ALTERATION PATTERNS 


The West Elk Mountains of the southeastern 
Piceance Basin (Figure 1) are laccoliths of porphyri- 
tic quartz monzonite intruded into Cretaceous Mancos 
shale, which have domed the overlying Cretaceous 
and Eocene sediments (Figures 6 and 7). The lacco- 
liths are overlapped fromthe south by Miocene vol- 
canics, but some quartz monzonite bodies cut the 
volcanics, as on Storm Ridge (Figure 6). Thus the 
intrusives are both early and late Tertiary. The stocks 
forming Cinnamon Mountain, Treasure Mountain, 
Augusta Mountain, and Mount Owen are coarse-grain- 
ed granular intrusives. 

Laccoliths formthe prominent West Elk lineament 
which trends generally eastward through the mountains 
(Figure 6) and extends into the Elk Mountains. It pass- 
es through the Anthracite Range, south of Crested 
Butte, and across the northern end of the Cement Moun- 
tain uplift in the southern part of the Elk Mountain 
thrust-fold zone (Figure 7). This lineament is not 
parallel to major Tertiary faults. At the east end of 
the West Elk Mountains, north of Crested Butte, a 
second lineament is suggested by several laccoliths 
aligned northwest, parallel to the Elk Mountain thrust- 
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fold several miles to the east. The Treasure Mountain 
dome, considered part of the Elk Mountains, is at the 
northwest end of this lineament. Several associated 
small folds are oriented in the same direction. 

Faults in the West Elk Mountains are rare, except 
those directly related to laccolithic doming, and in 
both lineaments mentioned above, the Cretaceous and 
Tertiary sediments between laccoliths are devoid of 
major faults. 

The Ruby Range, however, contains swarms of 
porphyritic dikes which illustrate a classic pattern of 
severe fracture deformation (Figure 7). It lies in the 
acute-angle northwest sector between the two linea- 
ments and is oriented north-northeast. The range is 
eroded from the Eocene Wasatch formation which has 
been locally metamorphosed by pyrometasomatism 
near the dikes, thus forming resistant zones which 
stand above the surrounding unmetamorphosed sedi- 
ments. Two small stocks of granular diorite, grading 
through quartz diorite to coarse-grained porphyritic 
granite in the centers, have been intruded on Mount 
Owen and near Augusta Mountain. Many dikes radiate 
from these stocks and contain similar though more 
porphyritic rocks. The stocks and dikes are of the 
same age, which is younger than the laccoliths. 

The principal dike trend is north-northeast with 
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Alteration patterns, Ragged Mountain laccolith, Gunnison County, Colo. Geology by J. W. Gabelman and 


W. H. Boyer, 1957-1958. Note: Geology by photo-interpretation and rapid field reconnaissance; uncon- 


trolled photogrammetric base. 


many swinging to northeast. The principal direction 
of faults which contain no‘dikes is west-northwest. 
Other minor faults trend northwest or northeast. The 
Elk Mountain thrust-fold, to the east, represents com- 
pression directed toward the southwest. The north- 
northeast and west-northwest directions are in ideal 
positions for subsidiary shear couples in the sole, 
with the northeast faults in the tension position. 

Most of the altered rocks in the West Elk Moun- 
tains occur in two belts. Small amounts are associat- 
ed with eruptive centers in the southern volcanic area. 

The principal belt encloses the Ruby Range dike 
swarm and trends north-northeast. Fissure-controlled 
silication* is the strongest and most widespread al- 
teration. Alteration pipes and stockworks occur along 
the range crest (Figure 7) but are most prominent at 
either end where they are associated with the granular 
stocks, and are accompanied by significant metalli- 
zation. 

The second belt, at the west end of the mountains, 
trends west-northwest from Soap Creek to Mount Lam- 
born (Figure 6). In the southeast the belt encloses part 
of the Curicanti fault zone. The fault zone is late 
Tertiary because it cuts the volcanics. However, some 


* Silication is the combination of calcareous rocks and introduced 
silica, and possibly iron and magnesium oxides, to form silicates. 
It is differentiated from silicification which is the replacement of 


any rock by silica. 


of the faults contain porphyritic monzonite dikes, and 
several small laccoliths are aligned in the fault zone, 
so that the zone may be an old one reactivated in the 
late Tertiary. The northwestern part of the alteration 
belt encloses no major structural features, and indis- 
criminately crosses portions of several laccoliths and 
related folds. At this end in particular the belt may be 
localized by some old concealed structural feature. 


ELK MOUNTAIN ALTERATION PATTERNS 


The Elk Mountains consist of an asymmetric north- 
west fold, west of the Sawatch arch, the Elk Mountain 
fold-fault of Vanderwilt (1937, p. 83-92). The fold was 
formed by southwesterly directed Laramide compres- 
sion, and is locally overturned and thrust-faulted. 
Subsidiary folds of similar trend, as well as intrusive 
domes, are common. A second thrust-faulted fold, the 
Castle Creek fault zone (Vanderwilt, 1937, p. 86-87), 
structurally, but not topographically, forms the west 
flank of the Laramide Sawatch arch between Aspen 
and the Taylor River (Figure 7). The Castle Creek 
zone can be considered the east margin of the Elk 
Mountains. The Elk Mountain thrust-fold has been 
complicated by the intrusion of laccoliths, dikes, and 
sills of porphyritic quartz monzonite, as well as by 
the intrusion of large stocks of coarse-grained granu- 
lar rocks ranging from granodiorite to granite. The 
porphyritic intrusives are generally concordant except 
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for dikes whereas the granular intrusives are all cross- 
cutting. Vanderwilt considered the granular intrusives 


A third lineament may be represented by the White 
Rock, Snowmass, and Sopris stocks, all coarse-grained 


later than the porphyritic ones, but evidence is obscure. granular, which are aligned parallel to the Elk Moun- 


There was no associated volcanic activity in the Elk 
Mountains, although late Tertiary and Quaternary mafic 
volcanics occur at both ends of the fold. 

The prominent Treasure Mountain lineament, form- 
ed by laccoliths, structural domes, and large stocks, 
extends eastward from the Ragged Mountain laccolith 
in the West Elk Mountains through the Treasure Moun- 
tain dome and White Rock stock in the Elk Mountains 
to the Grizzly Mountain volcanic center and the Twin 
Lakes stock in the Sawatch Range (Figures 7 and 10). 
There are no known controlling faults between these 
features. However, structure of the basement is un- 
known and it may contain easterly faults. 

The shorter Gothic lineament extends eastward 
from Mount Marcellina in the West Elk Mountains, 
through the Augusta Mountain stock, through the Goth- 
ic Mountain and two smaller laccoliths, and along the 
south margins of the White Rock and Twin Lakes 
stocks (Figure 7). Where the lineament crosses the 
Castle Creek thrust zone the thrust is broken by a 
prominent tear fault with the Italian Mountain stock 
at its western end. Also the southern contact of the 
White Rock stock is an easterly fault. Otherwise, no 
controlling structures are visible between the above 
elements. 


tain thrust-fold in the area between the Elk Mountain 
and Castle Creek folds. Although this possible linea- 
ment has a Laramide orientation, no structures are 
apparent between the intrusions. 

Belts of alteration pipes enclose the Elk Moun- 
tain thrust zone, and to a lesser extent the Castle 
Creek thrust zone. A belt encloses the Gothic linea- 
ment between Gothic Mountain and the Twin Lakes 
stock along the southern margins of the White Rock 
and Twin Lakes stocks. Another belt, the Schofield 
belt, is poorly defined within, but does not enclose, 
the Treasure Mountain lineament. The intersection of 
the Schofield belt with the Elk Mountain thrust belt 
localizes the strongest mineralization found in either 
belt (Figure 7). 

Alteration belts also enclose the contacts of 
several large stocks. The preferred association of 
mineralization with coarse-granied granular rather 
than porphyritic intrusives is well demonstrated. Most 
laccoliths are devoid of alteration, or contain very 
few small and simple alteration pipes. Ragged Moun- 
tain (Figure 8), the largest and coarsest-grained of 
the porphyritic bodies, has several small pipes of 
strong alteration at the south end, and is completely 
ringed by a continuous weak alteration belt at its 
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contact. However, there are no associated metal de- 
posits except for pyrite. Contacts of the Sopris, Snow- 
mass, White Rock, and Treasure Mountain coarse-grain 
ed granular stocks (Figures 9 and 10) are enclosed by 
belts of very strong alteration. Associated metalliza- 
tion is extensive, though generally weak. Interiors of 
the stocks are barren. 


EAGLE BASIN ALTERATION PATTERNS 


A principal tectonic axis curves northwestward 
through central Colorado, connecting the Sawatch arch, 
the White River dome, and the Uinta arch. The large 
topographic and structural Eagle basin between the 
Sawatch and White River uplifts, contains many small 
complexly oriented folds in Paleozoic and Mesozoic 
sediments (Figures 10 and 11). The principal features 
are a central broad structurally high area between 
Troutville and Dotsero, flanked by the northwesterly 
Carbondale and Cattle Creek basins on the southwest, 
the narrow northwesterly Wolcott basin on the north- 
east, and the small northeasterly Brush Creek basin 
on the south. Still smaller folds occur in the broad 
central area. These trend east, northwest, and north- 
east in order of prevalence. 

Faults are few and relatively insignificant in the 
central part of the Eagle basin, but are important on 
the margins. The Carbondale basin is bordered on the 
southwest by the Grand Hogback monocline, the north- 


west continuation of the Elk Mountain thrust-fold 
(Figure 10). The basin is bounded on the northeast by 
the Castle Creek thrust zone from Aspen to Basalt 
where it disappears beneath the basalts of the Glen- 
wood Springs area. Several closely spaced, high- 
angle, northwest-dipping thrusts trend northeast across 
the end of the Sawatch Range. Zones of west-north- 
west and east-northeast normal faults flank the White 
River uplift near Glenwood Springs (Figure 11). North- 
west faults are prominent in the Carbondale and Brush 
Creek basins (Figures 10 and 11). The only signifi- 
cant fault in the central part of the area trends west- 
northwest from the Brush Creek basin, and swings to 
south-southwest near the Cattle Creek basin. 

Intrusives are rare, the only prominent ones being 
an early Tertiary stock southeast of the Brush Creek 
basin, and a small stock near Burns. However, late 
Tertiary and Quaternary mafic volcanics are common 
in all the small basins and in the White River uplift. 

Belts of hydrothermal alteration pipes are long 
and narrow and normally do not enclose exposed 
Tertiary structures, although the Laramide tectonic 
grain is commonly represented by this trend. The belts 
show a pronounced tendency to cut across folds 
indiscriminately. 

The most prominent belt encloses the Castle 
Creek thrust zone (Figure 10) from Glenwood Springs, 
southeast through Aspen, and into the Sawatch Range. 
Northwest Tertiary structures are not apparent near 


FIG. 10 


Alteration and metallization pattems, Castle Creek fault zone and portions of the Sawatch Arch and Eagle 


Basin, Chaffee, Eagle, Garfield, Gunnison, Lake, and Pitkin Counties, Colo. Geology by J. W. Gabelman 
and W. H. Boyer. Note: Basic geology derived from literature. 
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Mineral belts and alteration and metallization patterns of the Eagle Basin, Eagle, Garfield, and Routt Counties, 


Colo. Geology by J. W. Gabelman and W. H. Boyer. Note: Basic geology derived from literature. 


alteration pipes through much of this belt. The intensity 
of alteration is strongest at the southeast end and de- 
creases to the northwest. Strongest metallization 
occurs in the Aspen district, at the intersection of 

this belt with a northeast belt. Otherwise the intensity 
of metallization follows the intensity of alteration. 

A short north-trending belt follows the Grand 
Hogback north of Mount Sopris. 

Three narrow northwest belts occur northeast of 
the Castle Creek belt: one through Gypsum Creek, a 
second through Brush Creek near Eagle and Poison 
Creek near Burns, and a third through McCoy (Figure 
11). The Poison Creek belt extends into the central 
part of the White River dome. The McCoy belt may bi- 
furcate southeastward to the Gore fault and Gilman 
respectively. Although these belts maintain the Lara- 
mide trend they do not contain known Tertiary struc- 
tures or instrusives which could have localized the 
alteration. 

Another belt west of the Brush Creek basin en- 
closes the prominent west-northwest fault zone for a 
short distance. 

Except for Aspen, alteration bodies in the Eagle 
basin are distinctive: they are small, simple, and 
generally lacking in associated metallization. 


CON CLUSIONS 


From the empirical relations presented, several 
conclusions can be drawn regarding the tectonic 
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control of both intrusions and mineralization and the 
presence of old structures concealed beneath unde- 
formed sediments. 

Because of the zonal position of metal deposits 
peripheral to pervasive alteration centers, alteration 
belts can also be considered mineral belts. Some 
mineral belts are visibly localized by intrusive con- 
tacts or strong Tertiary faults; others are less ob- 
viously controlled. Individual alteration pipes or 
metal deposits seldomoccur on a major structure but 
are in less deformed adjacent ground; however, the 
lineation presented by the restriction of hydrothermal 
deposits to a belt enclosing or adjacent to the struc- 
ture leaves little doubt of its controlling influence. 
The absence of any type of structure from many al- 
teration pipes is evidence that solutions were capable 
of rising, at least near the surface, through joint 
systems or interstitially through the rock. Feeder 
channels in denser rock below may exist in the form 
of small faults which are related to a major structure 
at depth, but do not penetrate to the surface. 

Other mineral belts as well as intrusive linea- 
ments exist in areas where no major structure appears 
at the surface, although they possess an orientation 
parallel to major Tertiary structures several miles or 
more away. Such relations suggest that Tertiary 
structures which did not penetrate the sedimentary 
cover may be responsible for the belts. The strong 
linearity of such belts suggests the structures are 
concealed faults. 
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Additional belts occur in areas containing no 
visible localizing structures, and are oriented east 
or less commonly northeast, a direction hardly com- 
patible with Tertiary deformation. Again faults con- 
cealed beneath the sedimentary cover are suspected, 
but they must be older than Tertiary. Where the sur- 
face rocks are Mesozoic, Permian faults related to 
the ancestral Uncompahgre uplift could exist. How- 
ever, the Uncompahgre trend was northwest parallel 
to Tertiary axes, and again the east direction is in- 
compatible. In several areas, the Schofield lineament 
for example, the mineral belt crosses Paleozoic sedi- 
ments which record no east structures, and the local- 
izing feature is therefore indicated to be Precambrian. 
Even though the latest Precambrian tectonic elements, 
the Uncompahgre and Front Range highlands, were 
oriented parallel to modern tectonic directions, an 
earlier major tectonic axis is believed to have extend- 
ed northeast through Colorado. The east trend of belts 
appears compatible as a subsidiary direction, thus in- 
dicating partly rejuvenated Precambrian structures 
may be responsible. 

The importance of tectonic intersections in local- 
izing mineralization is amply demonstrated. Mineral 
districts are invariably most numerous and most 
strongly mineralized at intersections of mineral belts, 
which generally coincide with intersections of tectonic 
lineaments or visible structures. Away from these in- 
tersections alteration pipes become fewer and smaller, 
and the intensity and variety of alterations decrease. 
Related metal zones and deposits become fewer until 
weak alteration exists by itself. It is surmised that 
fracture deformation is stronger and more deep-seated 
at intersections of divergent tectonic systems than 
within an individual system (Gabelman, 1953, p. 178). 
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STUDY OF THE MECHANISM AND RATE OF 
ILMENITE WEATHERING 


Ilmenite concentrates prepared from beach and 
dune sands of Florida, India, Australia, and other 
localities deviate to varying degrees from the theore- 
tical composition of pure ilmenite, and generally con- 
tain more TiO, than the formula FeTiO, would indi- 
cate, and some Fe,Q.. This variation in composition 
is due to different amounts of altered ilmenite in the 
concentrates.‘!) The alteration has been shown to 
take place by oxidation and leaching of the iron in 
ilmenite, to yield residual products consisting of amor- 
phous or very finely crystalline titanium dioxide and 
ferric oxide. 

Other studies?) have stressed that ilmenite may 
alter first to an amorphous titanium-iron oxide, or to 
an amorphous mixture of titanium and iron oxides, 
with later alteration to crystalline titanium dioxide. 
There has been some speculation as to whether al- 
teration of ilmenite is usually caused by weathering 
or by hydrothermal processes. (3) 4,5) 

Three main methods of approach were used to 
study the mechanism and rate of ilmenite weathering. 
(1) Etch tests were used to learn the relationship 
between crystallographic orientation and the rate of 
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chemical attack on ilmenite. (2) Altered ilmenites in 
New Jersey sands were compared with ilmenite in 
rocks of the area from which the sands were probably 
derived. (3) Experiments were carried out to deter- 
mine at what rate, and by what agents, originally 
fresh ilmenite could be altered in the laboratory under 
simulated weathering conditions. 


ETCH FIGURES ON ILMENITE CRYSTAL PLANES 


A rather large ilmenite crystal from Sannidal, 
Norway, about 1% x 1% x 2 inches, bearing a few 
natural faces with imperfect surfaces, was prepared 
for etching by grinding and polishing crystal planes 
whose Bravais-Miller indices (referred to hexagonal 
axes) had been determined by X-ray methods to be 
00.1, 10.0, and 10.2. Metallographic examination show- 
ed that the crystal was homogeneous, and uniform in 
orientation, except for the presence of twin lamellae 
which were oriented with their broadest surfaces 
parallel to the 00.1 planes of the large crystal. 

Since ilmenite is rather inert to standard etch 
reagents, strong solutions of hot sulfuric acid and 
cold hydrofluoric acid were used. Preliminary tests 
established that better etch figures were obtained 
using HF than with H,SO, solutions. 

The etch figures produced on 00.1 and 01.0 planes 
of ilmenite by etching 3 to 5 minutes in cold concen- 
trated HF solution are shown in Figures 1, 2, and 3. 
The figures on 00.1 are ‘‘etch hillocks’’, rather than 
pits, and according to Honess ©), this phenomenon 
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Etched 00.1 plane of ilmenite crystal. A twin 
lamella, top area, has been deeply etched. 
Etched 5 min in cold concentrated HF. X500. 
Reduced approximately 20 pct for reproduction. 


Etched 00.1 plane of ilmenite twin lamella, 
showing the etch figures at an earlier stage 
of development than in Figure 1. Etched 3 
min in cold concentrated HF. X500. Reduced 
approximately 20 pct for reproduction. 


duced approximately 20 pct. for reproduction. 


occurs on faces which etch rapidly. The figures on 
01.0 are pits, indicating that this plane is etched more 
slowly than the 00.1. On all faces the twin lamellae 
etched more rapidly than the rest of the crystal, as 
shown in Figure 1, where the larger triangular figures 
which are out of focus are remnants of a deeply etch- 


ed twin lamella. 


COMPARISON OF ILMENITE IN SANDS AND 
CRYSTALLINE ROCKS OF NEW JERSEY 


In New Jersey, it seems likely that the altered 
ilmenite present in sands of the coastal plain was de- 
rived at least in part, from the crystalline rocks of the 
New Jersey Highlands. A study of polished sections 
of ilmenite-bearing granite, diorite, amphibolite and 
metasedimentary rocks of that area was therefore made 
to observe what type and amount of alteration ilmenite 
has undergone before the rocks in which it occurs dis- 
integrate under the action of surface weathering. Sev- 
eral samples of such rocks from the Wanaque area 
which had been collected by the Department of Geo- 
logy, Rutgers University, were made available for this 
study. 

At the same time, ilmenite concentrates obtained 
from the sands of various parts of the Coastal Plan of 
New Jersey were examined in polished sections, and 
the type of alteration present was compared with that 
observed in other sand ilmenites and in the ilmenite 
of New Jersey crystalline rocks. The chemical compo- 
sition and amounts of residual unaltered ilmenite in 
sand concentrates from New Jersey, Florida, and 
India are shown in Table I. 


TABLE J 


Chemical Composition and Fresh Ilmenite Content 


of New Jersey, Florida and Quilon Ilmenites 


Chemical Fresh 
Composition (%) Ilm enite 
TiO, Fe FeO Fe,03 (%) 


Bridgeton, N. J. 52.4 32.6 2 ad 18.0 65 
Cape May, N. J. 06.5," 25.0" Lor? 25 
Port Norris, N. J. 58.8 24.4 11.6 22.0 20 
Lakewood, N. J. 602 3.6 29.3 
Quilon, India 59.8. 125.1 20 
Jacksonville, Fla. 60.3 22.7 10 


As in the case of other ilmenite sand concen- 
trates, the amount of unaltered ilmenite in the New 
Jersey concentrates parallels the FeO content rather 
closely, and the TiO, content increases roughly in 
proportion to the drop in FeO content. The New Jersey 
sand ilmenites may therefore be considered represent- 
ative of altered sand ilmenites in general. 

The type of alteration found in sand ilmenites is 
usually quite variable in intensity, with gradual 
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changes in appearance in passing fromslightly altered 
to highly altered material (Figures 4, 5, and 6). The 
type of alteration observed in rock ilmenites, includ- 
ing ilmenite in the polished sections of New Jersey 
rocks, however, is usually severe and localized, with 
high contrast between unaltered and altered areas, as 
illustrated in Figures 7 and 8. The sand ilmenites of 
New Jersey are evidently altered more extensively, 
and the alteration is different from that observed in 
the types of rocks from which the sands were probably 
derived. 


FIG. 4 Quilon ilmenite. Alteration products, light gray 
porous and finely granular, surround remnants of 
gray, homogeneous unaltered ilmenite. X1000. 
Reduced approximately 20 pct for reproduction. 


FIG. 7 MaclIntyre ilmenite, showing the type of alteration 
(gray-white area bordering cracks) occasionally 
observed in ilmenite from rock deposits. X1000. 
Reduced approximately 20 pct for reproduction. 


FIG. 5 Alteration in ilmenite from Bridgeton, N. J., in 
polarized light. Alteration products are light gray 
to white; unaltered ilmenite is dark gray. X1000. 
Reduced approximately 20 pct for reproduction. 


FIG. 8 New Jersey Rock section, showing alteration in 
ilmenite, bordering magnetite. The magnetite is 
a little lighter gray than the ilmenite. X1000. Re- 
duced approximately 20 pct for reproduction. 


SIMULATED WEATHERING OF ILMENITE 


FIG. 6 North Carolina ilmenite, showing slight altera- Ilmenite in sand deposits hasbeen subjected to 


dark weathering by sea water, rain water, and ground 
lamellae. X1000. Reduced approximately 20 pct 


f duction water. Sea water is rather constant in composition, 
or reprodu 
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and was therefore used directly in simulated weather- 
ing tests. Rain water is usually acidic, containing 
chloride, sulfate, and nitrate to varying degrees, al- 
though free ammonia is sometimes present. Ground 
water is likely to contain additional CO.,,, 
traces of sulfuric, nitric, and hydrochloric acids, and 


ammonia, 


when organic matter is present, a variety of organic 
acids, generally referred to collectively as humic 
acid(7), 


PROCEDURE 


Solutions of the following materials were pre- 
pared in concentrations ranging from ] ppm. up to ] 
percent, for experiments to simulate weathering: 
sulfuric acid, nitric acid, carbonic acid, hydrochloric 
acid, ammonia, and humic acid. The humic acid solu- 
tion was prepared by soaking humus (from scrub oak 
and mountain laurel) in distilled water for two or 
three days with continuous air agitation, filtering to 
yield a clear, straw colored solution which darkened 
on standing to a pale tea color. 

Individual ilmenite grains in the ilmenite con- 
centrate from the Sanford Hill deposit of the MacIntyre 


Development, National Lead Company, Tahawus, N.Y., 


are essentially free of inclusions of iron oxide and 
gangue minerals. A relatively pure laboratory con- 
centrate of this ilmenite having the following compo- 
sition was used for the simulated weathering tests. 


Chemical Analysis (%) Spectrographic Analysis (%) 


TiO, 51.3 SiO, 0.10.5 
FeO 41.1 Al 0.5-1.0 
Fe,0, 3.9 MnO) > 0.2-0.4 

MgO 3.2 

Others < .l of each 


Polished sections of minus 60 mesh ilmenite and 
20 gram samples of minus 325 mesh ilmenite were 
immersed in separate portions of each test solution, 
and were kept in closed bottles at 45-50°C., which 
is probably close to the upper temperatures which 
might be reached by sands exposed to the sun in warm 
climates. The mixtures were shaken two or three 
times a week. Pressure bottles were used for ] per- 
cent CO, and ammonia solutions. 

The H,SO, and HNO, solutions were kept in con- 
tact with ‘inenite for 1] onthe during which time 
solutions were filtered and analyzed four times for 
iron and titanium, and the ilmenite samples were 
analyzed twice. Fresh portions of solution were added 
to the samples after each analysis. The pH of each 
solution was measured periodically, and was adjusted 
to that of the pure solution by adding small amounts 
of acid to replace acid consumed by reaction with 
ilmenite. The pH values reached by some of the 
H,SO, and HNO, solutions just before each of the 
was made are shown graphi- 
cally in Figure 9. There was a gradual lowering of 
the pH reached by each solution between adjustments 
as the tests progressed, indicating a decrease in 
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reaction rate between ilmenite and the solutions. 

The testing period for the other solutions ranged 
from four to seven months, at 45-50°C. One test with 
1 percent H»SO, was carried out at room temperature 
for 5 months. 

Two experiments were carried out in which ilmen- 
ite samples were alternately wetted and allowed to 
dry using sea water in one case, and aerated, COo- 
bearing demineralized water in the other, for 18 months. 


pH REACHED BEFORE EACH ADJUSTMENT 


10,000 ppm 


ae 


1 4 
10 iS 20 25 30 
WEEKS IN CONTACT WITH ILMENITE 
pH values reached by H9SO4 and HNO3 
solutions in contact with ilmenite, before 
each pH adjustment. 


FIG. 9 


RESULTS 


The amounts of iron and TiO. which had been 
leached from ilmenite by the different solutions after 
various periods of time were calculated from chemical 
analyses of the solutions, and are shown graphically 
in Figures 10 and 11. 

Except for the 10 ppm. H 980, and the humic acid, 
solutions containing less than 100 ppm. acid did not 
dissolve detectable amounts* of iron and titanium. 
The one percent CO, solution dissolved a barely de- 
tectable amount of iron in 3.33 months, with no evi- 
dence of further reaction after another four months. 
Neither sea water nor ammonia dissolved detectable 
amounts of iron or titanium. 

Sulfuric acid and humic acid were the most effec- 
tive potential weathering agents of those tested. Hy- 
dr ochloric acid was more effective than nitric acid at 
one percent concentration, but was less effective in 


* 0.00002 g. Fe and .0001 g. TiO, in the 135 ml. of solution used 
with each 20 g. ore sample. 
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The results of chemical analysis of some of the 
washed, dried, ilmenite samples from the simulated 
weathering tests are given in Table II. Most of the 
samples treated with solutions stronger than 10 ppm. 
acid showed increases in TiO, content ranging from 
a few tenths of a percent for the weaker acid solu- 
tions up to 10.2 percent for the samples immersed in 
one percent HSO, at 50°C., which was upgraded to 
61.5 percent TiO, in 1] months. The effectiveness 
of humic acid in leaching iron from ilmenite was not 
reflected in the TiO, content of the residue, probably 
because of the relatively short testing period, and 
adsorption of organic matter which was not removed 
during washing. 

The analytical data show a decrease in the FeO 
content of each sample, and especially where large 
amounts of iron were leached out, an increase in 
F’e,0, content. Oxidation has apparently occurred 
even when no measureable amount of iron was dis- 
solved. The residues from tests carried out under 
alternately wet and dry conditions had a slightly 
lower FeO content than residues kept continuously 
FE immersed in similar solutions. 

- 4504 The results of spectrographic analysis (Table 
III) indicate that the one percent H,SO, solution 
.003 leached Si0,, Al,O3, and MgO from the ilmenite con- 
MONTHS OF EXPOSURE centrate, in addition to iron and TiQ,. It is possible 
FIG. 10 Cumulative amounts of iron dissolved from that some of the weaker solutions which dissolved 


ilmenite at 45° to 50°C unless otherwise little or no iron may have dissolved enough of these 
stated. 


10,000 ppm. Hz 


10.0 


PERCENT OF IRON DISSOLVED 


other constituents to account for the slight increases 
in the TiO, content of the corresponding residues. 
Microscopic examination of polished sections re- 
vealed that by the end of about six weeks of exposure, 
only the acid solutions containing at least 1000 ppm. 
acid had produced any change in the appearance of 
ilmenite. After about 3 months, the 100 ppm. acid 
solutions had noticeably affected polished sections, 
but the 1 percent CO, solution had no visible effect. 
Between three and eleven months, altered areas be- 
came visible in sections exposed to all but the weakly 


Ar 


10,000 ppm. HNOs 


Te 


alkaline solutions. The humic acid solutions were 
comparable in effect to100 and 1000 ppm. solutions 
of the other acids. The microscopic appearance of 
the alteration brought about by some of the test solu- 
tions is illustrated in Figures 12, 13, and 14. 

The general effect of alteration of ilmenite by the 


PERCENT OF TiO, DISSOLVED 


solutions tested was to destroy the characteristic 


T 


brown color of ilmenite, replacing it with various 
shades of gray. In the earlier stages of the laboratory 


alteration, the altered gray areas are darker than the 
MONTHS OF EXPOSURE ilmenite (Figure 12) and are very similar in appearance 
FIG. 11 Cumulative amounts of TiO, dissolved from to natural dark gray alteration effects seen in some 
ilmenite at 45° to 50°C, unless otherwise grains of North Carolina ilmenite. (Figure 6). As al- 
stated. teration becomes more intense, the gray areas become 


‘ lighter, and may be almost the same in reflectance as 
weaker solutions. Humic acid, with a pH of 3.25, '6 y 


which is about equal to the pH of a 65 ppm. H,SO, 
solution, was about twice as effective as a 100 ppm. 


ilmenite, although different in color, and may event- 


ually become definitely lighter than ilmenite. (Fig. 13) 


H,SO,, solution in dissolving iron from ilmenite. In The H,SO, solution was 
all cases, amounts of TiO, dissolved were very low only one which caused extensive etching of ilmenite. 
in comparison with the amounts of iron dissolved The final etch pattern after eleven months treatment 
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TABLE II 


Composition of Ilmenite after Simulated Weathering at 45-50°C. 


Total 
Solution Test Time Composition-Percent 
No. Solution Description (Months) Ti02 Fe FeO Fe203 Totals 
Pure []menite 0 51.3 34.7 41.1 3.9 96.3 

Demineralized, aerated 11.0 34.8 40.6 4.6 96.6 
DAS Demineralized +COg air 6.4 51.4 34.7 40.5 4.6 96.5 
Demineralized + + air 19.4 51.3 34.8 40.1 96.5 
6 10 ppm. HgSO4 11.0 51.5 34.7 40.4 4.7 96.6 
7 100 ppm. H»SO4 11.0 51.8 34.8 40.5 4.7 97.0 
8 1,000 ppm. HgSO4 11.0 54.0 28.7, 14.2 96.9 
ore 10,000 ppm. H»SO4 5.0 59.4 30.7 30.2 10.3 95.9 
9 10,000 ppm. H9SO4 7.33 59.5 25.0 by 16.6 93.3 
9 10,000 ppm. HySO4 11.0 61.5 24.1 16.1 16.6 94.2 
11 10 ppm. HNO3 11.0 51.4 34.8 40.4 4.9 96.7 
12 100 ppm. NHO3 11.0 pleT 34.8 40.5 4.7 96.9 
13 1,000 ppm. HNO3 11.0 51.8 39.8 39.8 5.4 97.0 
14 10,000 ppm. HNO3 11.0 52.8 33.9 35.9 8.6 97.3 
15 Sea Water 8.6 51.8 34.7 40.5 4.6 96.9 
15" Sea Water 3.4 40.2 

aie Sea Water 16.4 50.6 34.8 39.8 5.4 95.8 
21 10,000 ppm. NH3 3.7 51.4 34.7 40.7 4.3 96.4 
25 10,000 ppm. HCl 4.2 53.0 34.5 9.4 96.6 
26 Humic Acid (pH = 3.25) 4.2 51.0 34.6 40.5 4.4 95.9 
27 Humic Acid + 100 ppm. NaCl 4.2 51.1 34.6, 40.2 of 96.0 
26* Humic Acid 4.2 50.2 341 40.2 4.0 94. 4 
20” Humic Acid + 100 ppm. NaCl 4.2 Dez 34.2 39.9 4.6 94.7 

* In wetting and drying apparatus. 

** Room Temperature. 
TABLE III 
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Spectrographic Analyses of Pure Ilmenite Concentrate 


and Product of Alteration by 1 Percent H,SO, 


Constituent 
% 


Ni 
CaO 
Na O 


Pure Ilmenite 
Concentrate 


0.1-0.5 
0.5-1.0 
0.001-0.003 
0.2-0.4 
0.05-0.1 
0.003 
0.005 
<0.1 


Quantitative values. Other data are 


Ilmenite Treated 


11 Months with 1% H,SO, 


semiquantitative. 


0.05-0. 
0:1/-0. 


1 


0.001-0. 
0.2 -0. 
0.05-0. 


0.003 

0.003 
<0.1 
<<()il 


003 
4 


AlyO3 
MgO 
Cu 
Mn 


FIG. 12 


FIG. 13 


IImenite altered by aerated demineralized water. 
Altered areas are dark gray, and occur along 
cracks. X1000. Reduced approximately 20 pct 
for reproduction. 


Ilmenite altered by a 1000 ppm H2SO4 solution. 
Altered areas are lighter gray than the rest of 


the ilmenite grain. X1000. Reduced approximately 


20 pct for reproduction. 


aN 


Alteration of ilmenite by 1 pct HgSO4 solution, 
in polarized light. The alteration pattern is re- 
lated to the arrangement of twin lamellae. Note 


resemblance to natural alteration in Fig. 5. X1000. 


Reduced approximately 20 pct for reproduction. 


consisted of roughly rectangular pits a few microns 
wide in parallel orientation, with stringers of fine 
grained alteration products following cracks, and 
showing brownish reflections in polarized light. 
Figures 14 and 5 illustrate the similarity of the etch 
pits and their arrangement to those observed in many 
naturally altered ilmenite grains from sand deposits. 

The only residue from simulated weathering ex- 
periments which displayed X-ray diffraction lines 
other than those of ilmenite was the one exposed to 
the 1 percent HgSQq solution. After 5 months, a 
trace of rutile was detected, and in 1] months, 10 to 
20 percent rutile was indicated. The relative inten- 
sities of the ilmenite lines of the 1] month residue 
were intermediate between those of Florida and 
MacIntyre ilmenites, and the rutile lines were weak 
and broad, comparable to those of Florida ilmenite. 
The alteration products in this residue are therefore 
quite similar crystallographically to naturally altered 
Florida ilmenites. 


CALCULATION OF RATE OF WEATHERING 


In order to estimate the approximate period of 
time which might have elapsed during weathering of 
sand ilmenite deposits, a logarithmic plot of the 
amount of iron dissolved vs. H7SO,4 concentration 
was made, using the data for 1] months testing at 
45-50°C., and was extrapolated down to 1 ppm. H2SO4. 
(Figure 15) From previous work on acid leaching of 
different mesh sizes of ilmenite, and the simulated 
weathering experiments at room temperature and at 
45-50°C., it was calculated that the combined effect 
of larger particle size and lower temperature under 
natural conditions would lower the reaction rates to 
about 12 percent of the rates taken from the graph in 
Figure 15. 

On this basis, the rates of iron removal from il- 
menite by natural weathering solutions were estimated 
for three levels of HgSO4 concentration, and for humic 
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acid solution with pH 3.25. Since altered ilmenites 
like those from India and Florida have had 40 to 50 
percent of their original iron content removed by 
leaching, estimates of the time required for alteration, 
assuming warm, wet, climatic conditions, could then 
be made. The results of these calculations are shown 


below. 


Years Required to 
Produce Altered 


Percent of Fe Ilmenite with 


Dissolved 40 to 50 percent 
Acid Solution pH per year of Fe removed 
1 ppm. H2S04 5.9 0.74x 10° 6,000, 000 
5 ppm. 4.0 1.55 x 1074 300,000 
10 ppm. HoSOq 4.0 6.29 x 1074 70,000 
65 ppm. H9SO4 3.25 0.0203 2,000 
Humic Acid Bara) 0.0510 1,000 


The pH of the weathering solution is therefore a 
most important factor in determining the rate of wea- 
thering. Measurements of the pH of ilmenite-bearing 
soil should give a good indication of the rate of 


weathering of ilmenite in specific locations. 


CONCLUSIONS 


The results of etching tests on a large ilmenite 
crystal indicated that ilmenite is most readily attack- 
ed by acidic solutions along twin lamellae, which 
may tend to lie with their largest surfaces in the 00.1 
plane of the enclosing crystal. Having penetrated the 
crystal along these twin lamellae, extensive attack 
on the 00.1 planes can take place, since the basal 
planes are those most rapidly etched. In the absence 
of twin lamellae, attack would be slower. A roughly 
banded appearance commonly observed in naturally 
altered ilmenite grains and in artificially altered il- 
menite produced by the 1 percent H7SO, solution 
(Figures 5 and 14) indicates that the effect of parallel 
twin lamellae may be rather common. 

The type of alteration observed in New Jersey 
sand ilmenites is quite different from that found in 
ilmenite occurring in rocks of the area from which the 
sands were probably derived, indicating that the sand 
ilmenites were altered after disintegration of their 
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parent rocks. Since artificially altered ilmenite pro- 
duced at low temperatures (45-50°C.) in dilute acid 
solution is similar in chemical composition and X-ray 
diffraction behavior to naturally altered sand ilmenite, 
it is probable that alteration in sand ilmenites is a 
result of weathering. 

The simulated weathering experiments indicated 
that the most effective weathering agents of those 
likely to be present in rain and ground water are 
humic acid and sulfuric acid. Sea water and other 
weakly alkaline solutions did not attack ilmenite 
appreciably, so it seems likely that the role of sea 
water in the formation of ilmenite sand deposits is 
limited to concentration and transportation of the 


heavy minerals. 
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USES OF INDUCED POLARIZATION IN 
MINING EXPLORATION 


Only recently has the term Induced Polarization 
found its way into geophysical literature. Schlumberger 
first mentioned the possible use of the induced polar- 
ization effect in one of his early papers. Later, in- 
duced polarization was the subject of several univer- 
sity theses, such as Seigel’s at the University of 
Toronto and Bliel’s at the Michigan School of Tech- 
nology. In addition, a group at the New Mexico School 
of Mining and Technology has done work on induced 
polarization. 

There is very little fo be found in print on the 
subject of induced polarization. Several papers have 
been presented at meetings, the 1958 AIME and SEG* 
conventions, for instance, on laboratory measurements 
of the effect and theoretical considerations useful in 
the interpretation of field results. This paper is the 
first attempt to present actual field results which 
show the usefulness of induced polarization as a 
prospecting technique. 

There are several phenomena that can cause pol- 
arization when electrical current is passed through 
the ground. In a paper presented at the 1958 SEG* 
meetings Professor T. R. Madden of M. I. T. demon- 
strated that only two of these gave rise to appreciable 
effects. The first is a result of the membrane and 
diffusion effects in a sandstone that contains appre- 
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ciable amounts of clay minerals. The unbonded 
charges associated with the clay mineral forma ma- 
terial that passes positive and negative ions with 
different mobilities. When current is passed through 
such a system for some period of time, polarization 
results. 

The second phenomenon, which gives rise to very 
much larger polarization effects, is the one used in 
the new prospecting technique. These effects are a 
result of the blocking action or polarization of metal- 
lic or electronic conductors in a medium of ionic 
solution conduction. This electrochemical polariza- 
tion, called ‘‘the over-voltage effect’’ by electro- 
chemists, occurs whenever electrical current is pass- 
ed through a volume of rock which contains metallic 
minerals such as base metal sulphides. This polari- 
zation at metallic interfaces in ionic solutions de- 
pends upon the chemical energies necessary to allow 
the ions to continue the flow of current by giving up 
or receiving an electron fromthe metallic surfaces. 
The energy stored in this reaction is analogous to 
that stored when a condenser is charged. 

If a d. c. current flowing through such a system is 
interrupted, the polarization can be detected as a 
small, decaying current that flows after the applied 
current is discontinued. The decaying potential mea- 
sured is a result of the current flow caused by charg- 
es returning to their equilibrium positions from the 
positions they assumed under the applied potential 
field. Because of the polarization, there is an excess 
of change at each metallic interface. 

There is an alternate method of measurement of 


the induced polarization effect. The electrical 
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impedance of a system which can be polarized will 

depend upon the frequency of the sinusoidal current 
used to measure the impedance. In this geophysical 
application of the induced polarization method, the 

apparent resistivities in the area under examination 
are measured at several frequencies. If the apparent 
resistivities in an area change with frequency, pol- 

arization is indicated. 

The usefulness of induced polarization as an ex- 
ploration method is a result of the extreme sensitivity 
of the measurement to sulphide content in a rock. 
When current is caused to flow through normal earth 
materials, allof the current is carried by ions present 
in the water content of the rock or soil, i. e. by ionic 
conduction. This is a consequence of the fact that 
almost all minerals have a much higher specific re- 
sistivity than ground water. The group of minerals 
commonly described as “‘metallic’’ however, have 
specific resistivities much lower than ground waters. 
These metallic minerals include most base metal sul- 
phides, some oxides, and graphite. 

The induced polarization effect takes place at 
those interfaces where the mode of conduction in the 
rock changes from ionic in the solutions filling the 
interstices of the rock to electronic in the metallic 
minerals present in the rock. Even sulphide contents 
as low as 4% to 1% will give measurable differences 
in the resistivities when the frequency of the applied 


FIG. 1 
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current is varied. We shall see that very large effects 
are measured when appreciable amounts of sulphides 
are present in the rock. 

The equipment used for these induced polariza- 
tion measurements is very similar to resistivity equip- 
ment. The electrical energy for the measurements is 
supplied by the 1000 watt motor-driven generator 
shown in Figure ]. The transmitter, which creates 
currents at the several frequencies that are necessary, 
and the receiver, which is a very stable and sensitive 
potentiometer, are also shown in Figure 1, Current 
and potential stakes, along with spools of wire, com- 
plete the equipment necessary to carry out the survey. 

The electrode configuration used to measure the 
results presented in the following cases is shown in 
Figure 2. Current is applied to the ground through a 


wire of length (X). The potential difference between 


the ends of a colinear grounded wire of length (X) is 
measured. The distance between the nearest points 
of the two wires is increased in multiples of the wire 
length (NX). In field measurements to date, values of 
(X) from 100‘ to 1000 ‘and values of (N) from three to 
seven have been used. By changing these two vari- 
ables apparent resistivities and apparent induced 
polarization effects can be measured over any dis- 
tance on the ground. 

By leaving the current wire fixed and moving the 
potential wire in increments of (X), measurements of 


McPhar Geophysics Ltd.: IP transmitter, left; motor generator, 400 cps, 1000 w, right; IP receiver, bottom 
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greater and greater depth penetration can be taken. If 
both wires are moved along with a fixed separation, 
investigations are made concerning the lateral varia- 
tions in the earth’s properties. 

By making enough measurements with both of 
these methods it is possible to separate lateral varia- 
tions in the electrical properties of the ground from 
vertical changes. In any given situation, enough mea- 


surements are made to clarify the geophysical picture. 


In the following field cases, the parameter plot- 
ted to represent the induced polarization effect is the 
“*metal factor’’ which is proportional to the change in 
the apparent resistivity when the frequency is varied. 
We shall see that this parameter is quite sensitive to 
sulphide content and has wide natural variation. 

As in all geophysical problems, we must inter- 
pret from the apparent metal factors measured at the 
surface, the true value of the metal factor in the 
anomalous material. [t is this true metal factor in the 
mineralized zone which is related to the percent sul- 
phide content. The apparent effect measured at the 
surface is determined by this true metal factor value, 
and also by the geometry of the situation. 


It is only rarely that a mineralized zone is large 
enough to enable measurements to be made entirely 
within it so that the true value is determined. How- 
ever, the porphyry copper type mineralization is some- 
times widespread enough to allow such a measurement. 
It is the large volume of material in the porphyry 
copper type ore bodies that makes them such good 
geophysical targets, even if they contain only 3-8% 
sulphides. 

In Figure 3 are shown the results of an induced 
polarization survey in the southwest. As shown the 
anomaly was extremely large giving metal factors in 
excess of 10,000. Note that the scale is logarithmic. 
When drilled, the source was revealed to be 3% sul- 
phides under 80-100 feet of recent sediments. The 
holes were drilled to a depth of about 1000 feet and 
were still in the sulphide mineralization. 

Because of the geometry, this must be very near- 
ly the magnitude of the true metal factor in the sul- 
phide mineralization. Values measured in operating 
copper pits where the electrodes were directly in the 
mineralization agree with this magnitude. All our 
measurements to date indicate that the true value of 
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Induced polarization survey over disseminated sulphide deposit. 
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FIG. 5 Induced polarization survey over disseminated orebody in Arizona. 
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the metal factor in rocks containing 3-8% sulphides 
is 8000 - 20,000. 

This extreme sensitivity is what makes induced 
polarization useful for prospecting. In Figure 4 are 
shown the results over the Cactus ore body near Miami, 
Arizona. In this case, the mineralization is several 
hundred feet deep and is relatively thin. The data 
shows that the mineralization can certainly be located 
from the surface using induced polarization. The in- 
crease in the apparent anomaly when the transmitter- 
receiver distance is increased demonstrates that the 
mineralization is at some depth. 

In Figure 5 we have the data from two lines of 
four surveyed at another property in Arizona. The ap- 
parent metal factors here are very Similar to those 
obtained at Cactus. In Figure 6 is shown a plan map 
of the area. The four lines surveyed and the anomalous 
area are shown. Also shown is the surface geology. 
Note that the anomalous area considerably overlaps 
the zone of alteration. The drilling results show that 
the geophysical results are a much better indication 
of the extent of the mineralization than the surface 
alteration. 

There is no theoretical limit (providing some mois- 
ture is present) concerning the depth at which an ore 
body can be detected with IP. If it is large enough it 
can be located at any depth, if large enough spreads 
are used. Induced polarization measurements have 


successfully located sulphide mineralization of less 
than 5% at depths greater than 1000 feet. 

The extreme sensitivity of the IP effect makes 
it useful upon occasion in looking for massive sul- 
phides also. For any given massive sulphide body, 
there is some depth below which EM methods are 
ineffective. Usually, induced polarization measure- 
ments can detect it a little deeper. 

The results of an induced polarization survey in 
Nova Scotia, over a massive sulphide zone (50% 
metallic minerals) under some 80 feet of glacial over- 
burden, are shown in Figure 7. The glacial till in this 
area is quite conductive and of variable thickness, 
making EM measurements difficult. The fact that a 
considerable extent of overburden overlies the zone 
is demonstrated by the fact that the measurements for 
short separations do not indicate the presence of the 
mineralization as well as with longer spreads. Labora- 
tory scale model experiments show that in order for 
this small zone to give this large an apparent anomaly, 
the true value in the zone must be greater than 100,000. 

The next results are from a test survey done over 
a typical lead deposit in southeast Missouri. These 
ore bodies were among the targets of EM equipment 
before the war. They are relatively thin and low grade; 
the usual depth is 200 feet to 400 feet and the lime 
stone surface contains numerous pot-holes filled with 


conducting clay. For these reasons, EM methods have 
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Plan map of geology covered by induced polarization survey. 
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never been successful in this area. lateral extent of the anomaly is clearly indicated. In 


The results from the three lines surveyed are Figure 9 it can be seen that there is another lead zone 
shown in Figures 8, 9 and 10. The anomalous values on the other side of the granite knob. The solid bar 
obtained over the lead zone are distinctive and the beneath each line shows the extent of the anomaly. 
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FIG. 8 Induced polarization survey overa southeast Missouri lead deposit, Line A. 
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A plan map of the area covered by the survey is 
shown in Figure 11. The dotted line is the surface 
projection of the LaMotte sandstone ‘‘pinchout’’ line. 
This pinchout controls the ore location to a large 


degree. The line enclosing the anomaly outlines the 
ore zone as well as some 55 drill holes. In this area, 
the lead mineralization is at depths of 200’ or more. 
These results show that induced polarization 
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FIG. 9 Induced polarization survey over a southeast Missouri lead deposit, Line B. 
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FIG. 10 Induced polarization survey over a southeast Missouri lead deposit, Line C. 
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measurements can be used to locate and outline this 
type of mineralization. 

As mentioned previously, the IP effect arises 
from the electrochemical reactions that occur when 
conduction in the ground changes from ionic to elec- 
tronic. There is therefore no appreciable polarization 
in rocks where the only conduction is by electrolytic 
solutions. This can be very useful in evaluating EM 
conductors in areas where water filled faults, wet 
overburden, (shears in peridotites), etc. give KM 
anomalies. 

In most cases, these features give anomalies that 
can be recognized as being due to poor to moderate 
conductors. However, there are mining areas where 
the ore material is also a poor conductor. In these 
areas it is useful to evaluate the EM conductors in- 
dicated by the original survey by making IP measure- 
ments. In this way, it is possible to determine which 
conductors are due to metallic mineralization. 

One of the newest mining camps in Canada is in 
the Mattagami Lake Area of Quebec. In this area, the 
main ore mineral is sphalerite although some copper 
is present. Since ‘‘black jack”’ is a doubtful conduc- 
tor, and chalcopyrite is not abundant, the main miner- 
als that give the ore zones their poor to moderate con- 
ductivity are pyrite and magnetite. Both these miner- 
als conduct by electrons and give rise to induced 
polarization effects. In contrast to the ore zones, 
electrolytic conductors have also given rise toEM 
anomalies in the Mattagami Area, and several have 
been drilled. In Figure 12, are shown two EM anomalies 
obtained in the course of preliminary surveys in the 
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Mattagami Lake area, Quebec. Dotted line is 
5000 cps and solid line is 1000 cps. 


Mattagami district. The curves are similar to each 
other and the same as those obtained elsewhere over 
ore in that area. When drilled, the upper anomaly was 
revealed to be due to a small zone of mineralization. 
The lower anomaly was due to a water filled fault 
with only traces of pyrite. 

Figure 13 shows the induced polarization results 
obtained along the same lines as the EM data. With 
these measurements, there is a difference in the two 
zones. There is no difficulty in establishing that the 
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results shown on the upper part of the diagram are from 
an area where metallic conductors play a more import- 
ant part. While they appear similar in the reconnais- 
sance EM survey, the two zones have very different 
responses to the IP measurement. Induced Polariza- 
tion measurements can be used to evaluate the electro- 
magnetic zones. 

The field results shown above demonstrate that 
induced polarization measurements can be used to ad- 
vantage in several areas of mining exploration. These 
field cases show that: 

(1) Induced Polarization can be used to locate 


Induced polarization survey over two EM conductors, Mattagmi Lake area, Quebec. 


and outline the large disseminated sulphide zones 
that are characterized by the ‘‘porphyry copper’’ type 
ore bodies. 

(2) Induced Polarization can be used to locate 
and/or extend some massive sulphide bodies that 
are too deeply buried to be detected by present 
electromagnetic methods. 

(3) Induced Polarization measurements can be 
used to evaluate electromagnetic conductors since 
it will separate metallic mineral conductors from those 
that are due to purely electrolytic conduction zones. 


RESISTIVITY METHOD IN GROUNDWATER 
EXPLORATION, CITY OF GUNNISON, COLO. 


A serious problem confronted the city of Gunnison 
early in 1958 in that, for a few months during each 
spring runoff, the water supply derived from the 
Gunnison River became polluted to an unsafe point. 
The city management had the choice of building a new 
filter plant to replace the old unworkable one or drill- 
ing wells to developa ground water supply. The cost 
of a new filter plant was estimated at $180,000 com- 
pared to $50,000 for 6 wells, pumps, and additional 
water lines, hence their decision to attempt the devel- 
opment of sufficient ground water. Six wells at 300 
gpm per well were estimated as necessary to handle 
the peak usage of 1800 gpm, compared to only 600 gpm 
winter usage. Although the water table is only about 
7 feet below the surface, existing private wells drill- 
ed at random locations were producing much less than 
300 gpm. The problem was to find sufficient quantities 
from about 6 wells. Since the presence of an ancient 
bedrock channel was suspected, which would be ex- 
pected to localize greater quantities of water, the 
city of Gunnison authorized a resistivity survey to in- 
vestigate bedrock topography below unconsolidated 
gravels. Survey results were highly satisfactory and 
led to the preparation of a fairly detailed bedrock con- 
tour map, Fig. 1. This map was used in selection of 
all well sites. 
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TERRAIN AND GEOLOGY 


The city of Gunnison is situated in a flat, broad, 
Quaternary gravel-filled valley (terrain dips south at 
20 feet per mile) at the junction of the Gunnison 
River and Tomichi Creek. The valley, about 2-4 miles 
wide, is bordered by hills of Tertiary volcanics to 
the northwest, Cretaceous and Jurassic sediments to 
the north and northeast, and pre-Cambrian granite and 
gneiss to the south. One previous deep test well at 
the west end of the city hit pre-Cambrian granite at 
496 feet, which, allowing for 40 feet of surface 
gravels, makes the older sedimentary section 456 
feet thick. This section is probably all Jurassic 
Morrison formation, consisting of the Saltwash sand- 
stone overlain by the much thicker section of Brushy 
Basin shales and mudstones. According to the drill- 
er’s logs, each well was bottomed in what is believed 
to be Brushy Basin shale. 


FIELD PROCEDURE 


A standard Gish-Rooney type of resistivity 
apparatus was employed, which used 45-volt dry 
batteries as a direct-current power source. Applied 
voltages could be selected from 45 volts to a 270-volt 
maximum. Copper-coated steel stakes were employed 
as current electrodes and porous porcelain pots as 
potential electrodes to avoid possible polarization 
effects with direct current. 

The expanding Wenner electrode configuration 
was utilized for this investigation and measurements 
were made at 20 40, 60, 80, and 100-foot spacings, 
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FIG. 1 Plan map of west half, City of Gunnison, Colo., showing resistivity stations, bedrock contours, 
and water well locations. 
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since bedrock was known to be a maximum of 100 feet 
deep and commonly 40-50 feet. A 270-volt applied vol- 
tage was used wherever possible, but on the shorter 
spacings with less ground resistance, it was often 
possible to obtain a potential balance only in the 45- 
225 volt range. At 2 periods in the winter and spring 
of 1958, a 3-man crew made 69 depth determinations 
in a total of 7 days. Levels were run to determine 
relative station ground elevations. 

The main problem encountered was the difficulty 
in working the porous pot electrodes into the frozen 
ground to make firm contact. Hot water was used to 
soften the ground at each electrode position. Another 
inherent problem was the unavoidable crossing of 
buried cast-iron water mains. All lines were run on the 
opposite sides of the street from major water lines, 
but those servicing each house could not be avoided. 
Apparently, as will be shown by later comparisons of 
accuracy, their effect was too small to introduce ap- 
preciable error. 

To provide an accuracy check with a known depth, 
2 determinations were made near the old test well, in 
which bedrock had been encountered at 40 feet. The 
resistivity survey also showed 40-foot depths at both 
stations, thus providing the basis for interpretation 
and calibration of the method. 


INTERPRETATIVE PROCEDURE 


Since the standard Wenner configuration was em- 
ployed, resistivity values for each spacing were cal- 
culated in terms of ohm-feet using the standard for- 


mula: ? = 2 an, in which / = resistivity (ohm-feet), 


a = spacing (feet), E = potential drop (millivolts), and 
I = current (milliamperes). In order to determine depths, 
each set of values for a station were plotted first in 
normal Gish-Rooney curves, as in Fig. 2, dashed 
curve. Electrode spacing in feet comprises the ab- 
scissa and individual resistivity values in ohm-feet 
the ordinate. The inflection point or high or low point 
in the curve have usually been interpreted as indicat- 
ing the depth to the underlying material. The low point 
in this curve was at 50 feet, which gives a highly 
erroneous value, since bedrock is at 69 feet according 
to drilling. At most of the other stations, the Gish- 
Rooney curves gave uninterpretable results, and, 
based on the one previous well, erroneous results. It 
was then decided to use Moore’s method (1), which 
employs a cumulative resistivity-electrode spacing 
curve. It has been shown and advocated by Moore to 
minimize the effect of any single resistivity value and 
therefore eliminate or reduce local effects which in- 
troduce error. Referring to the solid-line Moore’s curve 
in Figure 2, the inflection point is at 71 feet, which 
checked well with the later known depth by drilling of 
69 feet. Figure 3 shows the set of Moore’s curves for 
6 stations on Denver Avenue, illustrating the similarity 
of curves between stations and the distinct interpreta- 
tion of each depth. 

Considerable controversy has been aroused over 
Moore’s method. Muskat (2) shows that it makesno 
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FIG. 2. A comparison of resistivity depth interpretations 
between Moore and Gish-Rooney curves. 
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Denver Avenue. 


theoretical sense, and Mooney (3) states that the 
method resolves into a simple integral curve produced 
by an apparent resistivity curve consisting of 2 hori- 
zontal segments abruptly offset. He states further 
that no such curve has been observed or predicted. 
Although these criticisms may be justified, Moore (4) 
ably answers his critics in stating that the method 
was described as an empirical one without theoretical 
basis, and that the success of any method, empirical 


or theoretical, is determined by the success with which 
it can be applied to field problems. Using this thinking, 
Moore’s method can be applied very well to the Gunni- 
son water problem and therefore is certainly justified. 
It is not intended that this method be proposed for all 
resistivity depth problems but only be considered as 
one possibility which is very fast and simple to use. 

This investigation was in actuality a 3-layer 
problem, but since the water table is at 7 feet and the 
closest electrode spacing was 20 feet, no inflection 
points would be obtained for the water table horizon, 
thereby resolving itself into a simple 2-layer problem. 

All values from the Moore’s curves were plotted 
first on cross-sections, Figure 4. Bedrock depths were 
then translated into actual elevations and plotted on 
the plan map, where the channel topography could be 
contoured to show axis and configuration. The ancient 
channel is meandering at the north end of the city but 
is quite straight towards the south end. Where mean- 
dering, the channel is also broader as expected. This 
ancient channel is about 4% mile east of the present 
Gunnison River. 
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FIG. 4 


Cross-sections along Gunnison and Railroad 
Avenues showing predicted bedrock profile. 


The upper Moore’s curve in Figure 2 shows that 
the bedrock resistivity is greater than that of the 
gravels, since the slope increases. Most of the area 
is underlain by Morrison shales, which have a lower 
resistivity than the gravels, and the typical Moore’s 
curve for most stations is illustrated for comparison 
by the lower dot-dash curve in Figure 2. The bedrock 
resistivity was greater than that of the gravels at 


only a few stations, and most of these were near the 
center of the channel, thereby indicating a different 
lithology exposed by ancient streamcutting or a differ- 
ent material deposited in the channel. 


SURVEY ACCURACY 


As previously mentioned, two stations near an 
old water well checked the bedrock depth exactly. A 
comparison between predicted and actual bedrock 
depths is shown in Table I. 


Predicted Ultimate 

Well Total Bedrock Bedrock % Production 
No. Street Depth Depth Depth Error gpm 

1 Railroad 7] 69 71 3 310 

2 Gunnison 83 83 80 3 418 

3 Ohio 65 56 57 2 525 

4 Virginia 61 58 64 10 460 

5 Georgia 60 58 50 14 125 

6 9th St. 60 58 60 3 310 
Averages 5.8% 
Totals 2148 gpm 


Average error was 3.6 feet or 5.8%, although for 
4 wells the average was 2 feet or less than 3%. The 
one determination with excessive error of 8 feet or 
14% on Georgia Avenue was doubtful from the begin- 
ning, since this area encompasses a surface boulder 
bed with very little soil between rocks in which to 
make a firm electrode contact. Two out of the 5 
determinations on Georgia Avenue were completely 
uninterpretable due tothis ground condition. 

In general, throughout the survey there were 
occasional stations at which interpretable results 
could not be obtained for unknown reasons. The buried 
water mains may have been the cause, but they were 
present where good accuracy was obtained too, and 
it does not appear that they were of great consequence. 


DRILLING RESULTS 


Six wells were drilled, the locations of each 
based primarily on the resistivity data and secondar- 
ily at locations where the city was able to obtain the 
land on reasonable terms. Because of excessive land 
prices in certain parts of the city, three wells had to 
be drilled in the center of the streets with pumps and 
pipes later recessed below street level. 

Table I also shows the production of each well 
after being pumped down for varying periods from one 
to ten weeks. Total gallons per minute are 2148, com- 
pared to a peak usage of 1800 gpm. This excess will 
allow for some decrease in output after the wells are 
used steadily. Well #3 at Ohio Avenue is the most 
productive and was located purposely where the bed- 
rock contours indicated an old river terrace to the 
west of the channel. The sedimentary conditions in 
this terrace have undoubtedly provided a more pro- 
ductive aquifer than from those in the center of the 
channel. 
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CONCLUSIONS 


The satisfactory results of the resistivity method 
in the Gunnison water program illustrates the favorable 
applicability of the method to many similar ground 
water exploration problems. Gravel-shale contacts 
were successfully predicted. The resistivity method 
enabled the development of a more than ample water 
supply from the originally planned 6 wells. No test 
wells for geological information were necessary. The 
cost per determination was $20-$25 compared toa 
drilling cost of $8-$12 per foot. The entire survey was 
completed in 7 days compared to up to 3 weeks to drill 
one well which encountered an unusual number of 
boulders. 
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AFMAG: A NEW AIRBORNE 
ELECTROMAGNETIC PROSPECTING METHOD 


Since the advent of the first airborne electro- 
magnetic system, it has been evident that such sys- 
tems were inherently limited to shallow depths of ex- 
ploration of the order of 100 to 200 feet. Hence in 
1948 the author and his associates commenced a study 
of the feasibility of applying natural audio frequency 
magnetic fields to investigation of the electrical 
properties of the subsurface in order to provide a sys- 
tem capable of overcoming this limitation. This re- 
search culminated, in the summer of 1958, in the de- 
velopment of a new airborne prospecting device — 
AFMAG. This device has detected surface massive 
sulphide bodies while flown at heights as great as 
3000 feet. Hence, by inference, it is deduced that it 
could find similar sulphide bodies if they were buried 
2500 feet below surface and the aircraft flown at 500 
feet. Thus a considerable improvement over conven- 
tional airborne electro-magnetic systems is obtainable 
with AFMAG. Airborne exploration in mountainous 
terrain involving deep valley fill now becomes possible. 

Examples are presented of the results of actual 
airborne AFMAG test surveys over known deposits of 
massive sulphide mineralization. Interpretation of the 
data is discussed with particular reference tothe know- 
ledge of size, dip, depth, depth extent, and conductivity 
of causative bodies as deduced from the flight records. 

The possibility of mapping major geologic struc- 
tures, for both mining and oil exploration purposes, is 


S. H. WARD is Associate Professor of Mineral 
Exploration, University of California, Berkeley, Calif. 
TP 59L119. Manuscript, Apr. 7, 1959. AIME Trans., 
Vol. 217, 1960. San Francisco Meeting, February, 1959. 


S. H. Ward 


discussed with the aid of examples of airbome AFMAG 
data. 


IN TROD UC TION 


Electrical prospecting with natural audio frequency 
electromagnetic waves as a source has, within the last 
three years, become a practical reality. Both airborne 
and ground survey instruments under the trademark 
‘“‘AFMAG”’ (for audio frequency magnetics) have been 
used successfully in the search for conductive mineral 
deposits. It is the object of this paper to discuss the 
principles of airborne AFMAG and to illustrate its 
application by means of examples obtained over known 
geological situations. 


WHY AFMAG? 


In view of the large number of good airborne 
electromagnetic systems available for purchase or 
contract surveying, one may well ask, ‘‘Why another 
new system?’’. Primarily the answer lies in the fact 
that AFMAG does not suffer from the very limited 
depth of exploration available with, and inherent in, 
any conventional airborne electromagnetic system. 
AFMAG is not conventional insofar as an artificial 
transmitter is not required. Only a receiving and de- 
tecting device is employed. The electromagnetic 
fields measured are those from millions of electrical 
discharges in the atmosphere (e.g. lightning strokes). 
Their random distribution in time and space make 
these fields difficult to employ and it is only with 
recent advances in the electronics of geophysical in- 
strumentation that this has become possible. 


A second reason for AFMAG and one of its 
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additional advantages is that the operating frequency 
or frequencies may be chosen at will to suit the geo- 
logical problem at hand. This does not mean that it 
is possible, at this stage of the technology, to turn a 
switch which “‘tunes’’ the instrument in to sulphide 
orebodies, faults and shears, salt domes, etc. as re- 
quired. It does mean, however, that operating fre- 
quencies for any particular piece of equipment may be 
chosen to provide optimum results for the targets 
sought. The instruments currently available have been 
designed with massive sulphide orebodies as the tar- 
get in mind. 

Examples of the use of airborne AFMAG in the 
search for massive sulphides are contained in this 
paper. In particular the results obtained in a test 
survey over the Whistle orebody in the Sudbury basin 
are illustrated and discussed in relation to the known 
geology. Additionally it is demonstrated that certain 
classes of conductors may be detected even though 
they may lie 2000 - 3000 feet beneath the detecting 
device. 

Although the instrument has been designed to 
provide optimum results for massive sulphide explora- 
tion, extraneous features such as faults and shears 
are also detected. Examples of anomalies obtained 
over such features are included in this paper and their 
characteristic differences from anomalies over known 
sulphides are indicated. 

By these examples it is hoped that the answer to 
“Why AFMAG?”’ will be contained herein. The bene- 
fits to be derived from an airborne AFMAG survey are 
numerous. Electrical prospecting to great depths in 
established mining camps, exploration in moderately 
rugged terrain, detection of conductive mineral de- 
posits beneath several hundreds of feet of deep valley 
fill, and detection of conductive mineral deposits oxi- 
dized to several hundreds of feet are all potential pro- 
blems for airborne surveys. Prior to the development 
of this new device, aerial electromagnetic prospecting 


could not be considered for these exploration problems. 


The potential of AFMAG in petroleum exploration 
has not been studied in detail as yet. However, the 
possibility of mapping such structures as shears, 
faults, salt domes, etc. at great depths from the air is 
an interesting one. It warrants investigation. 


HOW DOES AIRBORNE AFMAG WORK? 


Two earlier papers by the author and his asso- 
ciates (Ward et al 1958), (Ward 1959) have contained 
detailed discussions of the origin and character of 
the natural alternating magnetic fields due to atmos- 
pheric electrical activity. For the purposes of this 
paper it is sufficient to sum up the pertinent facts re- 
lating to the fields as follows: 

(1) They are tentatively considered to be largely due 
to world wide thunderstorm activity. 

(2) They vary in strength throughout the day, being 
strongest by night and weakest by day. 

(3) They vary in strength throughout the year, being 
strongest in June and July in the northern hemis- 
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sphere and believed to be strongest in December 
and January in the southern hemisphere. In the 
equatorial belt they are fairly strong all year. 

(4) During northern winter and to a certain extent, 
spring and fall, the field strengths drop off during 
the day to a level which is too low for continuous 
airborne AFMAG operation with current limited 
equipment. In lattitudes 45° - 65°N, the times of 
year during which operation is satisfactory is 
limited at present to the period May 1 to September 
1 or possibly October 1. 

(5) For practical prospecting purposes, every frequency 
in the ranges 10 cps to500 cps and 5000 cps to 
20,000 cps is available in these natural fields. 

(6) At any point in space, a single frequency natural 
field may be crudely* represented by a single vect- 
or believed to be oriented perpendicular to regional 
geologic strike and confined to the horizontal plane 


in the absence of local subsurface conductive bodies. 


Components in Directions 
of Coils. 


Horizon Fli,ht 
We Direction 
4, 
Field Vector 
a 
Coil 
Horizon 
bi 
Hori 
TILE 
Angle 
FIG. 1 Airborne AFMAG coil system for measuring tilt 


angle of field vector. 


In view of the normal horizontal polarization of 
the fields, it would at first seem possible to measure 
any deviations from this condition with the aid of a 
single coil. Unfortunately, one of the complexities of 
these fields is that they possess amplitudes which 
vary rapidly with time; hence a single coil detector 
is of little value. The detection system which is used 
consists of two coils oriented 90° to one another and 
45° to the horizontal as shown in Fig. 1 (a). When the 
field vector at any point in space is horizontal, the 


* In actual fact the fields are much more complex than this; they 
are described in the earlier papers (Ward et al 1958) (Ward 1959). 


il A! 


voltages induced in the two coils are equal and hence 
the ratio of their outputs is unity regardless of the 
amplitude variations. For a vector inclined either way 
from horizontal, the ratio is greater or less than ] as 
shown in Fig. | (b) and 1 (c). The ratios of the vol- 
tages induced in coils A and B of Fig. 1 are measured 
and recorded in such a way that a pen on a paper 
chart is held at the centre of the chart when the field 
is horizontal and deflects to one side of the chart 
when the field is telted above the horizon in the direc- 
tion of flight and deflects to the other side when the 
field is tilted below the horizon in the direction of 
flight. The coils are mounted in a ‘‘bird’’ which is 
towed beneath and behind an aircraft in such a manner 
that the plane containing the axes of the two coils is 
the vertical plane of flight. Aircraft altitude is main- 
tained nominally at 500 feet. 


INTERPRETATION 
IN AN 


OF DATA RECORDED 
AIRBORNE SURVEY 


Fig. 2 contains a typical paper tape recording ob- 
tained from an AFMAG survey. On it appear the fol- 
lowing items: 

1. Tilt of plane of polarization of natural magnetic 
fields of frequency 150 + 5 cps. 

2. Tilt of plane of polarization of natural magnetic 
fields of frequency 510 + 5 ops. 

3. Numerical difference of items (1) and (2). 

4. Mean terrain clearance as measured by a ratio 
altimeter. 

5. Strength of natural magnetic fields of frequency 
150 + 5 cps. 

6. Strength of natural magnetic fields of frequency 
510 + 5 cps. 


Of these six quantities, only the first two are of 
direct use in interpretation. The third has proven to 
be of little significance and is replaced with a com- 
pressed magnetic total intensity recording for ideal 
correlation procedures. The fifth and sixth recordings 
monitor the variations in amplitude of the field vector 
and hence provide knowledge which permits assess- 
ment of the reliability of recordings (1) and (2). At a 
very low field strength or when local lightning, rain, 
etc. are in existence channels (1) and (2) can record 
erroneously. 

The various features of interpretation appearing 
on both chart recordings and plan maps is explained 
in the legend of Table I. 

The location of an anomaly is determined by 
selecting the mid-point of an inflection in the tilt angle 
profile as has been done in Fig. 2. The accuracy of 
location of an indicidual anomaly is governed, to a 
certain extent, by the interpreter’s ability to select 
the true point of inflection. The uncertainty factor in 
this procedure increases with decrease in slope at 
that point. Complex profiles produced by multiple con- 
ductors and profiles with high noise background lead 
to further uncertainty in plotted locations of anomalies 
(e.g. Figs. 3 and 4 (a) ). 

Investigation of anomalies on the ground leads to 
the tentative conclusion that errors in plotted locations 
of anomalies are not greater than 500 feet and probably 
less in most instances. 

Depth to the top surface of a buried conductor may 
be estimated from the slope of the profile at the ano- 
maly. The pertinent slopeshave been calculated in 
Fig. 5, for actual flights at several altitudes above a 


long linear outcropping conductive dyke. These values, 
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obtained in Fig. 5, were plotted versus aircraft alti- 
tude in Fig. 6, To estimate the depth to the top sur- 
face of any unexplored buried conductor, it is only 


TABLE I 
LEGEND FOR CHART RECORDINGS & PLAN MAP OF ANOMALIES 


‘a’ CHARTS 
necessary to compare the ‘‘crossover’’ slope with 
ANOMALY 
that from examples such as shown in Fig. 6, and read 
off the sub-aircraft depth directly. 
It should be stressed that the curve of Fig.6 is 
ANOMALY NUMBER 
based upon data obtained over a conductor whose 
1,7 TILT ANGLE ANOMALY AMPLITUDE , DEGREES length is several miles and that it will not apply to 
1,0 RATIO OF LOW TO HIGH FREQUENCY AMPLITUDES shorter bodies. Hence for anomalies detected on one 


NOTE:— ALL PROFILES OF FIGS. 4,5, 7-10, 14-16 ARE PLOTTED or two flight lines only, an estimate of depth based 
on the data of Fig. 6 would be erroneous. In such in- 
“8”PLAN MAP stances, it is necessary to compare the crossover 
sCANOMALY-coo rt utc slope with those obtained in flights at several alti- 
a tudes over a known body of similarly limited dimen- 
sions. Further, these criteria are only strictly valid 


ANOMALY IN DEGREES : 
RATIO OF LOW TO HIGH FREQUENCY AMPLITUDES provided the conductivity 1s good to excellent. How- 


ANOMALY — !000 FT MTC 


9 <——— ANOMALY NUMBER ever, a maximum depth to the top surface of the con- 


ductor can be ascertained in all cases. 


Dip of a dyke-like conductive body may be esti- 


FLIGHT LINE - 600 FT MTC 
FLIGHT LINE —-|O000FT MTC 


—-—  _LINE OF ASSUMED CONDUCTOR CONTINUITY mated from the asymmetry of the tilt-angle profile on 
—--— GEOLOGIC CONTACT either side of the conductor. For example, in Fig. 2, 
anomaly (19) possesses an amplitude of -7° to the 
OREBODY OUTCROP OR SUB-OUTCROP h d ° 
2 north and + 4” to the south of the crossover on the 
SY 510 cps tilt angle profile. A dip to the south is thus 
I POSSIBLE DOWN-DIP EXTENSION OF OREBODY 
indicated and is verified by geologic evidence. 
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FIG. 3 The masking effect of a swamp on the high frequency tilt angle recording. 
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conductivity. 
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FIG. 5 Variation of anomaly with aircraft altitude over long linear conductive body. Ratio on right is A/B. 
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measure of the conductivity of the causative body. A 

ratio of 1.0 indicates excellent conductivity, 0.7 in- 

dicates fair conductivity, 0.5 indicates poor conduc- 

tivity and 0.2 or lower indicates extremely poor con- 


ductivity. These various conductivity ratios are 


The amplitude of the anomaly at each frequency is 
measured directly in degrees from the peak on one side 
of the inflection to the peak on the other side. For ano- 
maly (19), this peak-to-peak amplitude is 11° at 150 
cps and11° at 510 cps. The ratio of 11/11 = 1.0 isa 
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illustrated in the following examples: anomaly 19 
Fig. 2, anomaly 2 Fig. 4 (a), anomaly | Fig. 3 and 
anomaly ] Fig. 4 (b). Ratios in excess of 1.0 are 
occasionally plotted and usually indicate masking by 
surface conductive layers such as swamps, clay lay- 
ers, etc. This would bea logical explanation for the 
ratio of 2.3 given for anomaly (3) in Fig. 7 and for the 
ratio of 1.7 for anomaly (3) in Fig. 3. Note that there 
is a general lack of correlation between the high and 
low frequency tilt angle profiles in Fig. 3 suggesting 
some large, poorly conductive near surface bodies in 
the area. A swampy creek bed is known to be the sur- 
face masking feature in this instance. This surface 
masking can be reduced by lowering the frequency of 
operation, but then some attractive targets may not 
respond. 

Ideally, measurement at three frequencies simul- 
taneously would permit complete detection and evalua- 
tion of all types of conductors including those contri- 
buting to surface masking, but this is difficult instru- 
mentally. 

The depth extent and the strike length of a con- 
ductive body both affect the size of the anomaly and 
in fact the product of these two linear dimensions 
defines a projected area through which the lines of 
magnetic flux of the natural fields must pass. In sim- 
plified form, the more flux contained within this area, 
the larger the anomaly. Body width is of negligible 
importance provided it is small relative to the other 
two dimensions. On this basis, anomaly (1) Fig. 8 
suggests a conductor of much shorter length or less 


depth extent than the conductor causing anomaly (2) 


Fig. 9. Since strike length can be evaluated to the 
first order from the number of adjacent flight lines on 
which the anomaly has been detected, at least a quali- 
tative expression of depth extent may be obtained. 
Anomaly (2) Fig. 9 is due to a known large fault 
(which probably has a depth extent of one mile or 
more) and has been detected on several adjacent flight 
lines. Anomaly (1) Fig. 8 is of similar length and hence 
it is deduced that it represents a geologic conductor of 
more limited depth extent. Note that the very large con- 
ductor represented by anomaly (2) Fig. 9 influences the 
tilt angle indications as far away as 14 miles to the 
north of its location on the ground. In contrast the 
‘‘buildup’’ to anomaly (1) Fig. 8 commences less than 
one mile back from the conductor location. Both of 
these ‘‘buildups’’ start considerably further back with 
AFMAG than with airborne EM. Hence one may con- 
clude that the AFMAG anomaly for a given conductor 
is of largerarea than the corresponding airborne EM 
anomaly. This in turn suggests that the probability 
of detection of a given conductor is higher with AFMAG 
than with airborne EM. However, this advantage pro- 
bably does not hold true for very small conductors. 
Experience to date shows that the AFMAG re- 
sponse of a substantial massive sulphide body near 
surface will have the following characteristics: high 
conductivity ratio, high amplitude, moderate indicated 
depth extent, and a limited strike length. These charac- 


teristics then define a ‘‘ 


typical sulphide response’’. 
Anomaly (1) in Fig. 10 is just such an example. Ano- 
maly (1) Fig. 8 is of a similar, although less impres- 


sive, nature. 


The masking effect of a lake 
on the high frequency tilt 
angle recording. Entire traverse 


recorded over lake. 
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FIG. 10 Typical sulphide response. 

Electric powerlines and railroads produce ano- 
malies but these in general may be recognized by com- 
paring the anomaly record with the photographic strip 
film recorded simultaneously during the survey. The 
artificial audio frequency fields from power lines mix 
with the natural fields from atmospheric discharges to 
produce some unusual effects within two or three 
miles of the power lines. The net result is that con- 
ductors may be detected without difficulty in close 
proximity to power lines but the ratio of the responses 
at the two frequencies is not necessarily an indication 
of the conductivity of the anomalous body. Power line 
fields contain more 150 cps than 510 cps energy and 
so enhance the 150 cps natural fields more than they 
enhance the 510 cps natural fields. This factor must 
be appreciated when surveying near built-up areas. 


A TEST SURVEY OVER THE WHISTLE 
OREBODY AND VICINITY 


Interpretation of airborne electromagnetic data 


Anomaly due to conductive fault of very large depth extent. 
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FIG. 11 


Location sketch, Whistle orebody. 


obtained with any system is aided materially by know- 
ledge of results obtained over known ore deposits. 

One such deposit which has served as a test site for 
numerous airborne electromagnetic systems is the 
Whistle orebody in the northeast corer of the Sudbury 
basin (seeFig. 11). Surprisingly enough, although the 
Whistle orebody has been used frequently for test 
surveys, little data is available in the literature con- 
cerning its shape, depth extent and precise geologic 
setting. In early days, a small amount of ore was 
mined from this sulphide mass where it outcrops. How- 
ever, the low tenor of the ore is believed to have caus- 
ed The International Nickel Co. of Canada Ltd. to de- 
fer mining the sulphide body as a unit. In the report 

of the Royal Ontario Nickel Commission of 1917 a 
north-south section through the sulphide mass suggests 
its shape to be a flat slab about 1000’ wide and 50’ 
thick dipping about 25° - 40° to the south and blossom- 
ing out to a broad lens within two hundred feet of sur- 
face. Where explored, the body is reported to contain 
of the order of 50 percent total sulphides. 
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As with some other Sudbury basin orebodies, the 
Whistle orebody occurs at a fold in the contact between 
a greenstone-granite complex on the north and norite 
on the south. The contact is dipping flatly south and 
the ore follows it down, the greenstone probably serv- 
ing as the host rock (see Fig. 12). 


North 
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FIG. 12. Cross section facing east through Whistle orebody 
(after Royal Ontario Nickel Commission, 1917). 
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FIC. 13 


Plan map showing anomalies and flight lines in 


relation to Whistle orebody. 


The AFMAG test discussed here consisted of a 
series of north-south flights across the outcrop of the 
orebody andon either side of it. 

Six lines were flown at 600 feet mean aircraft 
terrain clearance. These are shown in Fig. 13. Three 
roughly coincident lines were flown at a mean air- 
craft terrain clearance of 1000 feet; one of these lines 
has been plotted in Fig. 13. The dual frequency tilt 
angle records for lines 3 and 4, which passed directly 
over the surface expression of the sulphide mass, are 
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contained in Fig. 14 (a) and (b). Each record shows a 
clear cut anomaly (anomalies 1] and 19) occurring over 
the southern edge of the near-surface portion of the 
orebody. Both anomalies 1] and 19 indicate a body of 
the following characteristics: 

(a) high conductivity 

(b) shallow depth to top surface 

(c) substantial depth extent 

(d) southerly dip 
Characteristics (a), (b) and (d) are confirmed by the 
meagre available geologic data. The geophysical sug- 
gestion of a substantial depth extent adds to the pub- 
lished knowledge. 
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FIG. 14 Anomalies over outcrop of Whistle orebody. 
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Anomalies over assumed downdip portion of 
Whistle orebody. 
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If one projects the orebody down dip perpendicular 


to the greenstone-norite contact from its surface ex- 
pression, the position of the orebody would be as in- 
dicated in Fig. 13. If this interpretation is correct — 
and it seems reasonable — then flight lines 1 and 2 
should pass over the orebody at a point where it 
possibly is at a depth of 700 - 1000 feet. Interestingly 
enough, anomalies (3) and (21) lie in the centre of the 
projected sulphide mass. The characteristics of these 
latter two anomalies are similar as is shown in Fig. 
15 (a) and (b). Analysis of the profiles for these two 
anomalies suggests a depth of the order of 400 — 500 
feet subsurface for the conductor at this point. This 

is somewhat more shallow than the depth predicted on 
the basis of near-surface geologic dips. The geophysi- 
cal estimate of depth was obtained by noting the slope 
of the ‘‘crossover’’ for each anomaly and comparing 
this with the values obtained at several altitudes over 


Fig. 16. The amplitude of the anomaly decreased only 
slightly (14° to 11°) with this 400 feet increase in 
altitude, confirming the interpretation that the top 
surface of this conductor is probably at a substantial 
depth. The depth of exploration available with the 
method is thus clearly demonstrated once again. 
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the known surface sulphide body of Fig. 5 as described u 
earlier. The depth so calculated should be a first order 
estimate only since the conductivity beneath anomalies 


(3) and (21) is not excellent and since the Whistle ore- “”° 14 510 cps 
body probably is not as large in the elongate direction 
as the sulphide body of Fig. 5. t 
Anomalies (3) and (21) suggest a conductor with } 
the following characteristics: 0.7 
(a) fair to moderate conductivity 5 
(b) depth to top surface at this point of 400-500 feet 
(c) substantial down dip or depth extent 10 
(d) dip estimate indefinite 
There is no necessary reason to assume that ano- 
malies (3) and (21) are related to anomalies (11) and 
(19). However, in viewof the fairly large size conductor 50 3I 
indicated by all four anomalies, it seems reasonable to 
associate them to produce a consistent correlation FIG. 16 Comparison of anomalies at two elevations 


amongst all of the available data. Concentration of above conductor near Whistle orebody, 


sulphides would appear to be decreasing down dip if 

the correlation indicated is correct. Obviously a greater 
density of flight lines and additional lines further west 
would have permitted a correlation less subject to From the test survey results discussed above it 
is possible to draw a number of conclusions concern- 


speculation. 
ing the advantages and limitations of the method. 


Flight lined 3, 4, 5, and 6 passed over an east- 
west conductor to the southeast of the Whistle orebody. These are as follows: 

(1) AFMAG can map significant conductivity changes 
in the subsurface. 

(2) The method can detect large conductors at great 
depths. Theoretically the decrease in amplitude 
of anomaly with height above the source should 
be the same for AFMAG as for the airborne mag- 


netometer. Practically this appears to be sub- 


Its conductivity is lower than that of the Whistle ore- 
body and it would appear to be at a greater depth. A 
subsurface depth of 1000 — 1500 feet is suggested for 
anomalies (7) and (31), but again poor conductivity may 
invalidate the depth estimates. 

This conductor does not extend westward beyond 
lines 3 and 4 and the shape of anomaly (14) suggests 
that the eastern limit is in this vicinity. If this con- 
ductor is due to sulphides then the sulphides are less 
concentrated than in the Whistle orebody. However, a 
short east-west shear or fault might equally cause these 
anomalies. Its strike parallels that of a known diabase 
dyke occurring a fewhundred feet to the south. 

Of particular interest to this discussion is the de- 
crease in amplitude of the latter anomaly with aircraft 
altitude above the ground surface. Hence anomaly (31) 


stantiated. 

(3) The great depth of exploration available with the 
method enables the mean aircraft terrain clear- 
ance to vary within wide limits without an ac- 
companying large change in amplitude of anomaly. 
This is particularly advantageous in rugged ter- 
rain, where the aircraft cannot follow the relief 
along a flight path. Airborne electromagnetic 
prospecting of areas of high topographic relief is 


obtained at 1900 feet mean terrain clearance is com- 


pared with anomaly (7), obtained at 600 feet MTC, in 


thus possible now. 
(4) Reproducibility of results is good as evidenced by 
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the near duplicate results obtained in repeated 
flight lines (e.g. lines 1 and 2 or 3 and 4 over the 
Whistle orebody). 

(5) Estimates of dip, depth, depth extent, and conduc- 
tivity may be made which can contribute materially 
to the geologic knowledge of a conductive body. 
The conductivity estimates are sometimes invali- 
dated in swampy or clay covered areas, but this 
can be corrected in future equipment by lowering 
the frequencies if required. (Note: Equipment now 
under development will operate at 90 cps and 340 
cps rather than 150 cps and 510 cps. This will re- 
duce swamp masking without serious loss of signi- 
ficant anomalies). Further evaluation of the dip, 
depth, and depth extent factors, possibly with the 
aid of scale model experiments, may permit more 
quantative interpretations. 

(6) Resolution of adjacent anomalies appears to be 
quite satisfactory. Note, for example, the adjacent 
anomalies detected on lines 3 and 4 of the Whistle 
orebody test. 

(7) Background ‘‘noise’’ on the traces contained in 
this paper is generally very low. However, in some 
instances high background noise can tend to ob- 
scure some anomalies and produce a few fictitious 
ones (e.g. Fig. 3). To ensure smooth traces, sur- 
veys should be performed at times when the air is 
not highly turbulent and when natural field strengths 
are adequate. Usually this means early morning and 
late evening flights (as with airborne EM) during 
the appropriate seasons of the year for the latitude 
of the survey (Ward 1959). This has not posed any 
limits on production in the period May 1 to August 
31 in mid-Canada. Surveys beyond that season are 
not yet economical because the field strength is 
below a desirable level for too large a portion of 
the time. Since ground AFMAG may now be operated 
in mid-Canada from April 1 to November ] and be- 
yond, it seems reasonable to assume that techno- 
logical improvements will lead to a longer annual 
period of activity for airborne AFMAG. 

(8) Location errors in selecting and plotting anomalies 
usually are less than 500 feet. This is not a serious 
positioning error provided ground AFMAG equipment 
is employed to pin-point the significant anomalies 
on the ground subsequent to the air survey. Anomaly 
(31) on Fig. 13 probably is plotted 300 feet south of 
its true location as suggested by repeat runs on this 
line. No other anomalies in Fig. 13 appear to be 
significantly displaced. 

(9) Structural information may be derived as well as 
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knowledge of the location of such conductors as 
sulphide masses, from the airborne data. NDeter- 
mination of conductivity and size usually facili- 
tates distinction between targets of the sulphide 
type and those of the structural type; the distinc- 
tion is not unambiguous, however. 

The probability of detection of a given large con- 
ductor by a parallel grid line survey is greater 
with AFMAG than with airborne EM. 

The necessity for the interpreter to think in terms 
of three dimensional models is evident upon con- 
sideration of the depth of exploration inherent in 
the system. This is in direct contrast with the 
two-dimensional thinking commonly employed by 
geophysicists interpreting airborne EM data which 
cannot reflect conductors deeper than about 200 
feet. 

The above conclusions have been drawn from an- 


(10) 


(11) 


alysis of the examples discussed herein. These ex- 
amples were chosen primarily to illustrate interpreta- 
tion procedures employed with airborne AFMAG and to 
demonstrate the type of information with which the geo- 
logist may be supplied. A more complete evaluation of 
the advantages and limitations of the method in each 
of its numerous applications will be ascertained as 
future surveys are flown and ground-tested. 
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CAMP AND SAMPLE-SITE DETERMINATION OF 


TRACES OF MERCURY IN SOILS AND ROCKS 


ABSTRACT: 


Camp and sample-site methods useful for determining about 0.5 to 16 ppm of 
mercury in soils and rocks have been devised to complement the analytical 
methods already widely used in geochemical prospecting. In the camp-site pro- 
cedure the sample solution is obtained by digesting the finely powdered sample 
with hot nine-molar sulfuric acid and bromine, the latter generated in place. The 
solution 1s buffered at a pH of 4 and the mercury is extracted into a relatively 
small volume of an organic solvent. Estimations are made by comparing the 
color of the mercuric dithizonate extracted from the sample with that extracted 
from a standard. In the sample-site method the mercury is volatilized as the 
iodide and the latter is dissolved in a buffer solution from which the mercury 
dithizonate is extracted as in the camp-site method. The estimation is made by 
a similar comparison with standards or by comparing the color of the mercuric 


dithizonate with artificial standards prepared from Orange II, an azo dye. Except 


for the establishment of standards, the time required by an experienced analyst 


seldom exceeds 10 min for a camp-site determmation and 5 min for a sample-site 


determination. Camp-site determinations are useful for commodity studies and 

intensive exploration programs; sample-site determinations are applicable to ex- 

tensive and reconnaissance-type geochemical prospecting programs. The results 

obtained on samples taken along traverses above known mercury ore deposits in 

the California Coast Range and western Nevada demonstrate the usefulness of 
both methods in geochemical prospecting. 


IN TRODUC TION 


The increasing use of the mercury content of 
soils, rocks, plants, or water in geochemical pros- 
pecting emphasizes the need for analytical methods 
which are sensitive and at the same time require a 
minimum of readily available equipment. 

Sensitive methods based on the absorption of 
ultraviolet light by mercury vapor are common in the 
literature?’ 12, Although none of these methods have 
been used to analyze the large number of samples re- 
quired in geochemical prospecting, they could be ex- 
tremely useful except for the expensive instrumenta- 


tion usually required to make the methods quantitative. 


F.N.WARD is Chemist, U. S. Geological Survey, 
Denver, and E. H. BAILEY is with U. S. Geological 
Survey, Menlo Park, Calif. TP 59L120. Manuscript, 
May 8, 1959. AIME Trans., Vol 217, 1960. Publica- 
tion authorized by the Director, USGS. New York 
Meeting, February 1958. 
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Also, such methods are perhaps too sensitive for field 
use, especially around areas of possible contamination. 

Other methods involve the distillation of mercury 
from a relatively large sample and subsequent collec- 
tion of the vapors in nitric acid®. The mercury is then 
estimated by titration with a suitable reagent such as 
thiocyanate. These methods are not trace methods 
because the actual amount of mercury measured is 
often as great as 50 to 100 milligrams. Also, such 
methods are unsuitable for geochemical prospecting 
because of the amount of equipment necessary and the 
time required. 

Still other methods involve colorimetry, and the 
sensitive reaction between dithizone and mercury 
(II) is the basis for a number of reports on the deter- 
mination of mercury in biological materials >» 7. More- 
over, by the judicious use of solvent extraction and 
suitable complexing agents, the dithizone method 
can be made almost specific for mercury. However, 
none of the dithizone methods have yet been applied 
to the determination of mercury in soils and rocks. 

In most colorimetric methods the sample solution 


343 


| 
| 
| 
| 
| 
| 


is prepared by a hot digestion with strong oxidizing 
acids under reflux to prevent possible losses of mer- 
cury, but in the two colorimetric methods described 
in this paper, the reflux condenser is eliminated. 

For example in the semiquantitative camp-site 
method, which can be performed in temporary quarters, 
the sample solution is obtained by digesting the sample 
with hot acid and bromine for 2 minutes in an open test 
tube. In the sample-site method — easily performed at 
the sample location — the mercury is volatilized as 
the iodide and condenses on the inside of a similar 
test tube. The sublimate is then dissolved in a buffer 
solution. 

In both methods the mercury is concentrated by 
solvent extraction and measured by its reaction with 
dithizone without the need of any elaborate instrumen- 


tation. 


REAGENTS AND APPARATUS REQUIRED 


Ammonia, 0.4 N, metal-free 

Buffer, sodium acetate-acetic acid solution. Generally, 
the buffer is prepared by mixing 10 ml of 2 N acetic 
acid with 5 ml of 2 N sodium acetate; however, 
different batches of sodium acetate may have either 
a greater amount of alkali than the stoichiometric 
requirement or a variable amount of water; conse- 
quently, the volume ratio of the 2 N acetic acid and 
the aqueous sodium acetate has to be adjusted to 
produce the desired pH. The correct volume ratio 
can be determined by titrating a given volume of 
2 N acetic acid with the aqueous sodium acetate 
until the pH of the mixture is 4. 

Dithizone, 0.01 percent w/v. Dissolve 0.01 gram of 
purified reagent ® in 100 ml of reagent grade 
chloroform. 

Dithizone, 0.0015 percent w/v. Mix 15 ml of the 0.01 
percent solution of dithizone in chloroform with 85 
ml of soltrol. 


Ethylenediamine tetraacetic acid, disodium salt (EDTA). 


Mercury standard A. 1000 micrograms per ml. 

Dissolve 0.1354 grams of reagent grade mercuric 
chloride in 100 ml of 1 N sulfuric acid. 

Mercury standard B. 10 micrograms per ml. 

Dilute 1 ml of standard A to 100 ml with 1 N sul- 
furic acid. This standard is stable for at least 3 
months at ordinary temperatures. 

Soltrol, a high boiling non-volatile solvent composed 
mostly of isoparaffinic hydrocarbons and marketed 
by Phillips Petroleum Company. In most areas sol- 
vent can be used as shipped; however, if desired, 
solvent can be freed of trace metals by shaking 
once with 10 ml of N sulfuric acid. Acid is removed 
by shaking successively 3 times with 50 ml portions 
of metal-free water. 

Water — metal free- Purify by passing tap water through 
any of the several types of resin demineralizers now 
commercially available. 

Lamp, alcohol. 

Lucite spoon, 0.5 gram capacity. 

Lucite spoon, 0.1 gram capacity. 
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Pipettes, automatic, 5 ml capacity, plunger type. 
Test tubes, 16 x 150 mm. 


ADDITIONAL REAGENTS AND APPARATUS 
REQUIRED IN CAMP-SITE PROCEDURE 


Ammonia — concentrated — reagent grade. Store small 
amounts in all-glass dropping bottle. 

Ammonium thiocyanate — 5% w/v aqueous. 
Bromophenol blue. Grind 0.1 gram in a mortar with 15 
ml of 0.01 N sodium hydroxide and dilute to 250 

ml with water, or dissolve the commercially avail- 
able sodium salt in water. Store in small dropping 
bottle. 

Phenol reagent. Dissolve 0.8 gram of phenol in 50 ml 
of water in dropping bottle. 

Phosphoric acid, reagent grade, 85% in 30 ml all-glass 
dropping bottle. 

Potassium bromide — reagent grade. Grind to a fine 
powder in a metal-free mortar. 

Potassium persulfate — reagent grade. Saturated 
aqueous solution in 50 ml dropping bottle. 

Sulfuric acid — 9 M. 

Flasks — 5 ml capacity. 

Separatory funnels — 125 ml, Squibb type. 


ADDITIONAL REAGENTS AND APPARATUS 
REQUIRED IN SAMPLE-SITE PROCEDURE 


Ammonium iodide — reagent grade. 

Complexing agent — a mixture of 5 grams of hydrazine 
sulfate, 10 grams of EDTA, and 5 grams of ammo- 
nium thiocyanate. 


Separatory funnels — 60 ml Squibb type. 


CAMP-SITE PROCEDURE 


Digestion of samples: To a 0.2 to 1.0 gram pow- 
dered sample measured with a lucite spoon into a 
16 x 150 mm test tube add 1] small scoop (0.05 gram) 
potassium bromide, 3 ml 9 M sulfuric acid and 0.5 ml 
saturated aqueous potassium persulfate. Heat test 
tube gently over small burner to incipient boil (DO 
NOT BOIL) and maintain for two minutes adding an 
additional 0.5 ml of persulfate solution at the end of 
the first minute. To the cool tube add 5 drops of 
aqueous phenol. 

Analytical procedure: Transfer contents of the 
test tube to a 125 ml separatory funnel containing a 
solution of ] large spoonful (0.5 gram) EDTA, 4 drops 
of bromophenol blue indicator, and 3 ml of concentrat- 
ed ammonia in 50 ml of water. Add concentrated 
ammonia dropwise with swirling until the color of the 
solution changes from yellow to light blue. Add 15 ml 
of buffer and allow to cool to about 25°C. Add 5 ml 
of 0.0015 percent dithizone to funnel and shake the 
contents for ] minute. Drain and discard the separated 
aqueous phase. Add 10 ml of metal-free water to funnel 
and shake contents 5 seconds. Drain and discard the 
separated aqueous phase. Repeat this operation using 
10 ml of ammonium thiocyanate reagent in place of 
the water. After draining the aqueous phase, add 5 ml 


of 0.4.N metal-free ammonia to funnel and shake the 
contents for 5 seconds. Drain and discard the aqueous 
phase. Add 10 ml of water and 0.4 gram of EDTA to 
funnel and shake the contents for 10 seconds. Drain 
and discard the aqueous layer. Pour about 4 ml of the 
soltrol layerinto a round flat-bottomed cuvette and 
compare with standards prepared as follows: 
To each of seven 60 ml separatory funnels add 10 
ml of buffer, 0.1 gram EDTA, and the following 
amounts of standard mercury solution B — None to 
first funnel, 0.5 microgram tosecond funnel, 1 
microgram to third funnel, and 2 micrograms to 
fourth funnel, 4, 8, and 16 micrograms respectively 
to the other three funnels. Add 5 ml 0.0015% dithi- 
zone solution in soltrol to each funnel and shake 
the funnels for 1 minute. Allow phases to separate 
and drain aqueous phase. Wash organic phase once 
with a 10 ml portion of water, draining and discard- 
ing water after wash. Add 5 ml of 0.4 N metal-free 
ammonia to funnel and shake latter for 5 seconds. 
Drain the separated aqueous phase and add 10 ml 
of water and 0.4 gram of EDTA and shake 10 
seconds. Drain aqueous phase and transfer 4 ml 
of organic layer into a flat-bottomed cuvette. 

Multiply quantity of mercury in the comparison 
standard by the appropriate factor to convert results 
to ppm. Using a 0.2 gram sample given above, one can, 
by estimating color intensities between standards, 
determine as little as 2.5 ppm of mercury in a soil or 
rock. 

Comparison of results: The proposed camp-site 
procedure was tested by comparing the results obtain- 
ed by this procedure with those obtained by a labora- 
tory method !9. The comparison is shown in Table I. 
With a few exceptions the data obtained by the camp- 
site method compare favorably with that obtained by 
the laboratory method. It is likely that the comparison 
would be closer if the number of standards suggested 
were increased and more closely spaced, although the 
increase in precision and accuracy obtainable with a 
greater number of standards may not justify the addi- 
tional work. As written, the camp-site procedure re- 
quires about 10 minutesper sample. 


TABLE I 


Determination of mercury in soils 
by laboratory and camp-site methods !. 


Sample No. Mercury, ppm 
Laboratory No. Field No. Laboratory Camp- site 
CR-2-57-220 4 3 8 
229 13 6 5 
226 10 8 5 
235 19 TZ 20 
CR-9-57-483 BU-22 14, 13 15 
CR-2-57-234 18 LS 20 
CR-9-57-506 BU-45 20 20 
493 BU-32 23 40 
480 BU-19 33, 44 30 
508 BU-47 40 
CR-2-57-289 73 76, 94 40 


ISamples ground to pass 100 mesh sieve. 


SAMPLE-SITE PROCEDURE 


Mix 2 small scoops (0.2 gram) of powdered sample 
with 1 small scoop of ammonium iodide in a 16 x 150 
mm test tube and rotate tube slowly while heating mix- 
ture at low heat for 1 minute. Cool and invert tube to 
dump the loose solid material and unreacted sample. 
Add 10 ml of acetate buffer to upright tube and allow 
solution to react with all of the condensed sublimate 
clinging to inside walls of tube. Dissolve 1 large 
scoop (0.5 gram) of complexing mixture in sample solu- 
tion, transfer to 60 ml separatory funnel, and add ] ml 
of 0.0015 percent dithizone in soltrol. Shake ] minute. 
Drain and discard the separated aqueous phase. Add 
5 ml of metal-free water to funnel and shake the con- 
tents for a few seconds. Drain and discard the separat- 
ed aqueous phase. Add 5 ml of 0.4 N metal-free ammo- 
nia and shake the funnel 5 seconds or until all the un- 
reacted dithizone is in the aqueous phase. After the 
aqueous phase separates, drain and discard. To esti- 
mate the quantity of mercury present in the sample 
taken, compare the color of the organic layer with 
standard solutions prepared as follows: 

To each of four 60 ml separatory funnels add 10 ml 
of acetate buffer, 0.1 gram EDTA and the appropriate 
amount of Standard B — none to first funnel, 1 micro- 
gram to second, 2 micrograms to third, 4 micrograms 
to fourth. Proceed as in preparation of standards 
for camp-site method except use 1 ml of dilute dithi- 
zone in place of 5 ml. 
Multiply the quantity of mercury present by 5 to con- 
vert the results to parts per million. By estimating 
color intensities between standards as in the camp- 
site method one can determine as little as 2.5 ppm of 
mercury; but, because of practical difficulties — collec- 
tion of solids in the interface and slow separation of 
organic solvent from aqueous phase — the lower limit 
may be 5 ppm rather than 2.5 ppm. 

Estimations can also be made by comparing the 
color of the organic layer obtained from samples with 
the color of aqueous solutions of Orange II — p-(2- 
hydroxy-l-naphthylazo) benzene sulfonic acid sodium 
salt. The aqueous solutions can be prepared and cali- 
brated previous to going to the sample site, as they 
are stable for about one week as compared to | day 
for the mercury standards prepared above. 

Studies in progress indicate that the dye, Orange 
II, can be incorporated in other media besides liquids 
to provide a more permanent artificial standard. 

The sample-site method has been tested by com- 
paring the results obtained on natural soil and rock 
samples with the laboratory method!9 referred to 
above. Comparative results are given in Table II. 


DISCUSSION 


The determination of mercury in soils and rocks 
requires a sample attack which will effect a solution 
of the mercury from the various minerals in which it 
occurs; although cinnabar, the red sulfide, is the most 
common mineral, the sample attack should be effective 
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TABLE Il 


Determinations of mercury by laboratory 
and sample-site methods 


Laboratory Field Mercury, ppm 
No. No. Material Location Laboratory Field 

CR-9-57-425 BU-42 Soil Calif. 1 <2 
465 RB-4 Soil Nevada 3 D 
386 BU-3 Soil Calif. 3 5 
496 RB-35 Rock Nevada 4 10 
472 RB-11 Rock Nevada 5 5 
410 BU-27 _ Soil Calif. 6 5 
421 BU-38 Soil Calif. 8 10 
412 BU-29 Soil Calif. 10 8 
509 RB-48 Soil Nevada 10 20 
417 BU-34 Soil Calif. 8 
477 RB-16 Soil Nevada 12 10 
538 RB-77_ Soil Nevada 183 10 
483 RB-22 Rock Nevada 14 10 
402 BU-19 Soil Calif. 19 20 
392 BU-9 Soil Calif. BiG 30 
397 BU-14 _ Soil Calif. 4] 30 
480 RB-19 Soil Nevada 44 10 

CR-8-56-77 323 Soil Nevada 560 540 


on the other minerals as well. Mercury also occurs 
fairly commonly as the black sulfide, metacinnabar, as 
a chloride, calomel, and as native mercury. The sele- 
nide, tiemanite, is rare. Amalgams with gold, tellurium, 
and silver are found, but not generally in mercury ore 
bodies. The camp-site method of sample attack is 
effective on all of the minerals named above. The 
sample-site method is effective on cinnabar but has 
not been tested on other mercury minerals. 


DIGESTION OF SAMPLE 
FOR CAMP-SITE DETERMINATION 


In the campsite method a soil or rock sample is 
treated with a mixture of sulfuric acid, hydrobromic 
acid, and free bromine, the latter generated in the 
test tube. Even under laboratory conditions great care 
is necessary in the useof bromine to avoid burns and 
inhalation of the toxic vapor, and under field condi- 
tions, the use would be prohibitive except when it can 
be generated as above. In our procedure the free bro- 
mine produced by the easy oxidation of a soluble bro- 
mide, such as potassium bromide, reacts with the sul- 
furic acid to give a dilute solution of hydrobromic acid 


along with the bromine and the sulfuric acid. Potassium 


persulfate is a convenient oxidizing agent because of 
the ease of controlling its effectiveness by simple 
heating or cooling. Because dithizone may be oxidized 
to a yellow-colored diphenylthiocarbodiazone, which is 
similar in color to mercury dithizonate and easily dis- 
solves in the organic solvent, the excess bromine and 
most of the hydrobromic acid must be removed from the 
sample solution prior to the estimation. The excess 
bromine is removed easily by its reaction with an 
aqueous solution of phenol, to give a bulky and curdy 
precipitate of tribromophenol, which has not been 
found to occlude any of the mercury present. The small 
amount of hydrobromic acid produced is insufficient to 
cause any difficulty in the subsequent reaction of 
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mercury with dithizone. 

A laboratory method based on this same procedure 
but culminating with a photometric measurement of 
the absorbance, and comparison with an established 
standard curve, is discussed in detail in another 
paper!9, The absorbance method shows that losses 
of mercury are insignificant in the camp-site procedure 
described herein. 


DIGESTION OF SAMPLE 
FOR SAMPLE-SITE DETERMINATIONS 


In the sample-site method the powdered sample 
is mixed with ammonium iodide and the mixture is 
heated gently over an alcohol flame for about one 
minute. Mercuric iodide distills from the solid mix- 
ture and condenses on the sides of the test tube. 
After the tube has cooled the remainder of the sample 
is eliminated by inverting the tube and dumping the 
loose material. The mercuric iodide clinging to the 
walls of the tube is dissolved in the buffer solution 
containing a small amount of hydrazine sulfate to re- 
duce the excess iodine, EDTA to complex copper, 
bismuth etc., and thiocyanate to prevent the reaction 
of silver and gold with dithizone. The mercury is ex- 
tracted as a dithizonate by shaking this solution with 
the dilute dithizone solution. Starting with a dry ground 
sample one can determine mercury with this procedure 
in about 5 minutes. 

The low temperature volatilization employed in 
the sample-site method has been used mostly on 
samples believed to contain cinnabar; it has not been 
tested on other mercury minerals but probably will 
also work on metacinnabar, mercury chlorides, or 
native mercury. 


INTERFERENCES 


The elements that may interfere in both methods 
can be conveniently divided into two groups. The 
first group includes those elements that react with 
dithizone under the same conditions as mercury and 
whose dithizonates may resemble the mercury dithi- 
zonate enough to preclude distinction. Copper (II), 
gold, palladium, platinum (II), silver and bismuth 
comprise the elements making up the first group, and 
the color of the dithizonates of gold, silver, and bis- 
muth is the same as that of mercury dithizonate. The 
second group of interfering elements includes those 
that react with dithizone preferentially, or consume 
added reagents during the operations involved, and 
thereby prevent the achievement of a high degree of 
specificity. It includes such elements as copper, 
which appears to react preferentially with dithizone, 
especially when normal concentrations are involved, 
and iron, which forms a stronger complex with EDTA 
than copper, thereby preventing the complexing effect 
of the EDTA on copper until much of the iron is tied 
up. 

Various reagents are added during the procedure 
to complex or prevent the reaction of interfering 


elements with dithizone. Copper (II) forms a red-violet 
dithizonate that in small amounts enhances the orange 
color of the mercury dithizonate and causes erroneous- 
ly high results. The difficulty of effecting complete 
removal of copper in the camp-site method can readily 
be appreciated from the fact that the copper content 
often exceeds the mercury content many fold. Vasak 
and Sedivec® observed that the reaction of copper 
with dithizone could be prevented by the addition of 
EDTA to the sample solution, and Campbell and 
Head4 made use of this reaction to prevent the inter- 
ference of copper. They realized the difficulty of re- 
moving all of the copper and pointed out that once the 
copper dithizonate had formed, the reaction could not 
be reversed. Within limits these observations have 
been substantiated by the authors. 

Our interest in the reaction of copper with EDTA, 
as a means of preventing its interference in the deter- 
mination of mercury with dithizone, resulted from a 
failure of EDTA to prevent the interference of copper 
when a sample containing a small amount of mercury 
and a large amount of iron was analyzed by the camp- 
site procedure. 

No difficulty was encountered using 0.2 g samples 
but it was impossible to prevent the interference of 
copper when a | g sample was used. Analyses showed 
that the copper contents were average and less than 
the maximum amount that could be complexed with 
the added EDTA. Obviously other elements prevented 
the copper reaction by forming stronger complexes with 
EDTA. The literature }! revealed that the formation 
constant of the EDTA complex with ferric iron is much 
greater than that of cupric copper. Therefore the iron 
in a sample could preferentially react with the EDTA 
and leave little of the EDTA to complex the copper. 
Increasing the amount of EDTA that is added to the 
sample solution was not always effective. To achieve 
uniform effectiveness of the EDTA, it had to be added 
after the bulk of the iron had been removed from the 
sample solution and the mercury had been changed 
into the dithizonate. This means of increasing the 
effectiveness of the EDTA came about during experi- 
ments designed to test copper interference. Copper in 
the amounts of 10, 100, 1,000, and 10,000 micrograms 
was added respectively to solutions containing 4 
micrograms of mercury. Five ml of the 5% aqueous 
solution of EDTA was enough to complex the copper 


in the first two samples, that is, upto 100 micrograms. 


The third solution containing 1,000 micrograms of 
copper showed definite interference, and in the fourth 
sample 0.4 g of EDTA was insufficient to prevent the 
interference. For visual estimation, which is used in 
both procedures, even the 0.4 g of solid EDTA was 
insufficient to prevent a pink color in the extracted 
organic solvent, and this combined with the yellow of 
the mercury dithizonate to form a final color resembl- 
ing that of mercury dithizonate. This final color 
caused estimates of mercury content to be too large; 
the extract from a sample containing 4 micrograms 

of mercury compared under these conditions looked 


more like one containing 6 micrograms. After the separ 
ated organic phases stood for 4 hours in flat-bottomed 
cuvettes, the pink color disappeared and the color of 
the 4 microgram sample was the same as that of the 

4 microgram standard. To explain this behavior, we 
surmised that enough EDTA extracted into the organic 
layer to decompose the copper dithizonate and to form 
the copper EDTA complex during the 4 hours. Addi- 
tional experiments showed that as little as 0.2 g of 
EDTA added to the extracted mercury (II) and copper 
(II) dithizonates was sufficient to decompose as 

much as 5 micrograms of copper as dithizonate. By 

the complete procedure, 4 micrograms of mercury can 
be recovered satisfactorily in the presence of as much 
as 2,000 micrograms of copper and 15,000 micrograms 
of iron. The latter corresponds to a sample containing 
over 7% iron or about 10% Fe.0,. 

The interference of gold an bismuth is minimized 
by the presence of EDTA and any silver present reacts 
with dithizone along with the mercury and extracts into 
the organic solvent. Treatment of the solvent with an 
aqueous solution of thiocyanate decomposes the silver 
dithizonate, and the silver reverts to the aqueous 
phase. A single shake with 5 ml of 5% ammonium 
thiocyanate prevents the interference of as much as 
100 micrograms of silver, which in the camp-site pro- 
cedure amounts to 0.5% in the original sample. The 
possible interference of palladium and platinum is 
prevented by oxidization of these metals to the 
quadrivalent state during the digestion with sulfuric 
acid and bromine. In the quadrivalent state they do 
not react with dithizone, and therefore little or no 
interference would be expected with normal concen- 
trations. 


The sample-site procedure is less subject to 
interferences than the camp-site method, because 
some of the iodides of the interfering elements are 
either unstable or not volatile during the gentle heat- 
ing of the sample. The remainder form stronger com- 
plexes with EDTA and thiocyanate than with dithi- 
zone and hence the dithizonates fail to form. 

The sample-site method has been tested in the 
field in California and Nevada in analyzing samples 
taken along traverses over and about known mercury 
deposits. The application of these tests to geochemi- 
cal prospecting is discussed in the next section. 


APPLICATION TO GEOCHEMICAL PROSPECTING 


The field methods for determing minute amounts 
of mercury in soils and rocks have two different 
applications in geochemical prospecting. First, they 
might be used to determine broad areas of mercury 
mineralization, as for example a halo of enrichment 
about a group of ore deposits or an entire district, 
and second, they might be applied to the search for 
richer concentrations indicating individual ore bodies 
within a halo of minor enrichment. Our field studies 
were designed to test the second application, and 
this only in two areas. These areas were selected 
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FIG. 1 Map of the Eagle Rock workings, Buckman mines, Sonoma County, Calif., 


showing mercury content of soil or rock at ground surface. 
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FIG. 2. Map of the Red Bird mine area, Pershing County, Nev., 
showing mercury content of soil or rock at ground surface. 
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for preliminary study because within 50 to 300 feet of 
the surface they contained small ore bodies localized 
by fairly simple geologic structures in an area over- 
lain by no more than a few feet of residual soil. The 
mine areas were also chosen because they were in 
two different climates, one in the relatively humid 
northern Coast Ranges of California, and the other in 
a more arid range in central Nevada. 

The California area overlies the Nagle Rock 
workings of the Buckman mine in northern Sonoma 
County !. The mine is on a fairly steep hillside cover- 
ed by vegetation at an altitude of about 1,500 feet 
(Fig. 1). Here, in graywacke and shale, occur ore 
bodies a few tens of feet in diameter, which contain 
several percent of disseminated cinnabar and some 
native mercury. All the ore bodies are within a few 
feet of a remarkably straight fault, which can be re- 
garded as the structure that controlled the formation 
of the ore bodies. A thin and irregular mantle of soil 
masks much of the surface, but the surface trace of 
the fault can be inferred by projecting it upward from 
its exposures in mine workings a fewhundred feet 
below the surface. (See section A-A’, Fig. 1) 

Samples were collected along two traverses cross- 
ing the fault, and in an irregular area directly over 
some of the ore bodies. Areas near the fault contained 
from 3 to more than 10 times as much mercury as the 
background, which appears to be less than 5 ppm. 
Other anomalously high areas of small size were found 
directly above the mine workings but not directly over 
known ore bodies; their significance is not known. 

The area in Nevada is above the workings of the 
Red Bird mine, in Pershing County. The mine is at 
an altitude of about 5,500 feet in an area of extensive 
rock outcrop and scattered patches of thin soil that 
support only sparse vegetation (Fig. 2). Rich ore 
bodies found from less than 50 to 250 feet below the 
surface have yielded a production of about 2,300 
flasks (85 tons) of mercury. The ore occurs in lime 
stone in ore bodies that follow upward along faults 
and terminate abruptly against overlying shale (See 
section A-A', Fig. 2). The chief ore mineral is cinna- 
bar, but native mercury and mercurial bindheimite 
(hydrous lead antimonate) are also present. In addition 
the ore bodies locally contain iron, lead, zinc, and 
antimony sulfides and their oxidation products. 

More than 100 rock and soil samples were collect- 
ed in the areas overlying the mine workings. Two areas 
were found to contain up to 50 times background, which 
is believed to be about 2.5 ppm mercury. One area is 
directly above the ore bodies but is somewhat more 
extensive. The other lies beyond most of the workings 
and close to one of the major faults; in it exceptionally 
high mercury concentrations were found a few feet 
down slope from the outcrop of the fault. Over one ore 
body, in an area of unusually thick soil, we failed to 
get any surface anomaly. 

These preliminary tests of the applicability of the 
sample-site technique to geochemical prospecting 
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indicate that sensitivity and reliability are sufficient- 
ly accurate to delineate areas of abnormal mercury 
content in soils androcks in these environments. They 
also indicate that mercury ore bodies at depths of a 
few hundred feet can be detected by geochemical 
methods in suitable cases, but how widely applicable 
the field method may be requires additional field 
studies. The data we now have are insufficient to 
allow conclusions about the extent of a possible mer- 
cury halo surrounding major deposits or districts, 

and it seems likely the lower limit of sensitivity of 
the field test will have to be increased before it will 
be applicable to this problem. 
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REFINEMENTS IN METHODS OF DETERMINING 
FLOTATION RATES 


ABSTRACT: 


Small-scale continuous flotation tests are described in which the influence of 
1) pulp density and 2) feed rate on the rate of flotation are investigated. The 
results provide further evidence of first-order kinetics for flotation and indicate 
that tests at different feed rates provide a particularly simple method of deter- 
mining rate constants. Flotation kinetics are discussed in general terms. 


LIST OF SYMBOLS USED IN TEXT 


Concentration of air bubbles in the pulp 
asc : Exponents 


Concentration of floatable mineral in the pulp 
after residence time, t. 


Go : Initial concentration of floatable mineral (batch 
test) or Concentration of floatable mineral in 
feed (continuous test) 


R : Rate of recovery of floatable mineral/unit volume 
of pulp/unit time 

K : Rate constant 

K’ : Modified rate constant (K' = K.A>) 

Kj, Kg Specific rate constants 

Mj : Mass of floatable mineral fed to cell in unit time 

Mo : Mass of non-floatable mineral fed to cell in unit 
time (Gangue or unconditioned material) 

N : Number of bubbles per unit volume of pulp 

R : Radius of bubble 

I : Radius of particle 

t : Time 

te : Effective residence time of pulp in cell 

V Volume of pulp in flotation cell 

Vi] Volume of froth delivered in unit time 

Vo : Volume of tailings delivered in unit time 

Vv Rate of ascent of air bubbles 

r Induction time 

Fruitfulness factor 

Fractional yield of floatable material 
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IN TRODUC TION 


Over a period of many years numerous research 
workers have studied the rate of recovery of valuable 
materials from flotation pulps with a view to deter- 
mining the mechanism of the froth flotation process. 

Froth flo ation is fundamentally a collision pro- 
cess involviug at some stage collision and then mutual 
attachment between air bubbles and mineral particles. 
It is possible to draw analogies therefore between the 
flotation process involving mainly macroscopic parti- 
cles and the ordinary processes of chemical reaction 
kinetics involving collisions between atoms, mole- 
cules and ions. By adopting this analogy we may 
postulate a general equation representing the kinetics 
of the flotation process: 


-dC/dt =K.C° .A® (1) 


The rate constant, K, will be a complex function in- 
volving reagent concentrations, particle and bubble 
sizes, induction times and no doubt flotation cell 
design. However, these are factors which can be kept 
constant in any series of experiments, permitting in- 
vestigation of the exponents a and c, which determine 
the order of the reaction occurring in flotation. 

The various research investigations carried out 
so far have all aimed at evaluating a and _c, and in 
the majority of cases only c, since the concentration 
of air has usually been kept constant in a series of 
tests, so that a relationship of the following type has 
been investigated: 


-dC/dt = K' C° (2) 


The techniques of both batch testing and contin- 
uous testing have been used to investigate this rela- 
tionship. The technique of continuous testing, in 
which steady-state conditions are established, per- 
mits direct investigation of the above equation. In 
the case of batch testing, C is decreasing continuously 
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with time, and it is the integral form of the equation 
which applies. To illustrate with the simplest case 
(c = 1; first order kinetics), the relationship for con- 


tinuous testing is: 


R = K'.C (3) 
For batch testing: 
(4) 


On the basis of their experiments, Zuniga (1935), 
Beloglazov (1939), Grunder and Kadur (1940), Morris 
(1952), Brown and Smith (1954) and de Bruyn and Modi 
(1956) have all proposeda first order rate equation. 

On the other hand, Arbiter (1951), Hukki (1953) and 
Frumkina (1957) suggest an equation of the second 
order (_c_=2). Much of the work carried out by these 
various authors has for one reason or other been 
criticised, and although so much information is already 
available, conclusive evidence of first order or second 
order kinetics has still to be provided. The results of 
batch test experiments have been critically reviewed 
by Brown and Smith and also by Safvi (1959), and it 

is doubtful if any of these results are of significance. 
At the same time the continuous test results obtained 
by Brown and Smith, which came near to establishing 
the first order rate equation, are of doubtful validity; 
it is not certain that true equilibrium conditions were 
ever established, owing to the removal of frothing 
agent from the pulp by sorption on the coal (see 
Jowett, 1958). The continuous tests carried out by 

de Bruyn and Modi have been criticised on similar 
grounds because of the low reagent concentrations 
used. 

The continuous method of testing originated by 
Schuhmann (1942), and developed by Brown and Smith 
and also de Bruyn and Modi, provides an excellent 
method of examining the rate equation so long as true 
equilibrium conditions can be assured. This involves 
a sufficient knowledge of the conditioning step prior 
to flotation to ensure that reagent concentrations will 
not be altering during the actual flotation, or if they 
are altering to ensure that the change does not influ- 
ence recovery of the floatable material. This condi- 
tioning step has been investigated in detail (Jowett), 
and conditions which give a true steady-state have 
been established for continuous flotation tests on coal 
using a cresylic acid reagent. Also, Safvi has shown 
that common salt may be used as a frothing agent 
which will give no complications due to sorption on 
the coal. Armed with this knowledge, the authors have 
been able to carry out continuous flotation tests on 
coal which provide further evidence of first order kine- 
tics for the froth flotation process. Coal has been used 
for various reasons; Leeds is on the fringe of Britain’s 
largest coalfield and much work inevitably centers on 
coal; coal also is naturally floatable and requires only 
a frothing agent to promote flotation; practical diffi- 
culties associated with mixing and suspending the 
feed can be minimized by using a material of low dens- 
ity such as coal. 
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The apparatus and techniquesused is the same 
in principle as that described in detail by Schuhmann, 
Brown and Smith, and de Bruyn and Modi. The flota- 
tion cells were a Fagergren laboratory cell and 500 
gm Denver laboratory cell, both modified for contin- 
uous operation by fitting froth scrapers and contin- 
uous discharge for tailings; pulp flow tests (Byrom, 
1959) have shown that these two cells are almost 
identical in fundamental operation and both behave 


as ‘‘ideal mixers’’. 


THE PERCENTAGE OF FLOATABLE MATERIAL 
ING THESE 


It has been pointed out by Morris that not neces- 
sarily all the feed to a flotation cell is floatable, in 
which case an allowance should be made so that cal- 
culations are based only on the concentration of 
floatable material in the cell. Morris has suggested 
that the maximum percentage recovery obtained in a 
batch test, conducted under conditions simulating the 
continuous test, may be taken as the percentage of 
floatable material in the feed. The continuous test 
results may then be recalculated, the only assumption 
being that all the non-floatable material remains in 
the tailing. Under normal laboratory conditions of 
testing this assumption is probably within limits of 
experimental error. 

The mass-balance relationships governing any 
continuous flotation operation at equilibrium indicate 
the significance of the presence of non-floatable 
material in the pulp. 


Feed Froth + 
[M, V,+V2]—I[M, «x Vi) +(1- « Vo] 


Tailings 


For any particular pulp and for any series of tests. 
M,/(M,+Mo) remains constant. All M) will float if the 
residence time is long enough; Mg is non-floatable 
either because it is gangue mineral or it is not correct- 
ly conditioned. « is the proportion of Mj which has 
floated after effective residence time, te. 

Also, the concentration of solid in the tailing is 
the same as the concentration of solid in the pulp 
body for cells which behave as ideal mixers. So, con- 
centration of total solid in cell = Bab sah ALD) and 
concentration of floatable solid in cell M,(1- « )/Vo. 
Both of these relations have been used by different 
authors to define the mineral concentration term in the 
general rate equation (Equation 2). The rate of recov- 
ery (R) may be stated directly in terms of the mass re- 
covery rate of solid in the froth: 


(5) 


The rate equation used (R=K'.C°) stated in terms of 
masses then becomes fora specific case: 
(i) Considering only the floatable solid in the 
cell, 


(ii) Considering all the solid in the cell, 


My )+ ma 
Vo 


(7) 


These relationships have been investigated in 
detail by adopting different methods of altering the 
mass of material in the pulp. Equation 7 may appear 
completely unjustified, but it has a significance, 
which is illustrated by the experimental results. The 
experiments indicate that not all methods of altering 
this mass are equally successful as a means of in- 
ve stigating flotation kinetics. 


CONTINUOUS FLOTATION TESTS 
AT DIFFERENT PULP DENSITIES 


The most obvious method of altering the percent- 
age of floatable material in the pulp in a flotation cell 
is to alter the pulp density of the feed. A decrease 
must automatically decrease the equilibrium concen- 
tration of floatable material in the cell, permitting in- 
vestigation of the relationship governing the rate of 


chloride was used as the frothing agent at a concen- 
tration of 40 gm per litre, precluding any difficulty 
due to variation of reagent concentration during a test. 
The results of the series of tests are given in Tablel. 

A plot of the rate of flotation (My) «/V) against 
solids concentration in the tailing (Equation 7) is 
given in Fig. 1, Line A. The straight line plot shows 
that the first order relationship governing the rate of 
flotation is obeyed; the slope of the line is the first 
order rate constant (K' = 0.80 min~!), 

In the series of tests just described, batch tests 
indicated the percentage of floatable material in the 
feed solids to be 86.8 per cent. If the experimental 
results are adjusted to take this into account, line B 
(Fig. 1)is obtained giving a rate constant of 1.20 min}. 
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flotation (Equation 2) over a range of concentrations. 8 oon i 
A series of continuous flotation testshas been el 
carried out with the Fagergren cell to investigate the 
influence of pulp density on the flotation rate of coal. ey f 
Hand-picked clean coal (ash content, 1.5 per cent) 
was used for the tests. Sufficient coal to provide L Pd 
material for the full series of tests was ground to y 
minus 30 B.S. mesh in a hammer mill; it was then 
mixed thoroughly before use. The flotation tests were 
completed in four days, during which time it was con- FIG. 1 First-order plot of results at different pulp 
sidered that little change in the flotation character- densities with constant feed rates. Kg equals 
istics of the coal would have taken place. Sodium 0.80 min-l and Kx equals 1.20 min”, 
SUN 


Continuous flotation tests at different pulp densities 


M} 
Volume of pulp in cell (V) = 2600 ml.; maximum percentage recovery in batch test, Mi+ Mo = 86.8% 
We. of 
Wt. of We of We of | Fraction |floatable} Rate of Conc. of 
solid per| solid per |Wet. solid|floatable| of float- | solid per|discharge| Conc. of floatable | We. froth 
Pulp Feed | minute as} minute as | fed per |solid fed|able solid] min. in | of tail- solid in solid in solid/1. 
density rate froth tailin g minute | per min.| recovered| tailing | ing pulp tailing tailing | pulp/min. 
74.2 2032 89.8 60.8 150.6 130.7 0.686 40.9 1517 40.0 27.0 34.5 
90.2 2006 106.2 74.6 180.8 156 .9 0.677 50.7 1465 50.9 34.6 40.8 
108.0 2024 135.0 83.4 218.4 189.9 0.713 54.9 1372 60.7 40.0 51.9 
136 .0 1955 166.4 93.8 265.2 230.0 0.724 63.6 1232 79.7 51.6 64.1 
143.0 1986 173.2 110.8 284.0 246 .5 0.705 73.3 1265 87.5 58.0 66.6 
156.0 2026 201.8 114.0 315.8 274.0 0.736 WIP 1194 95.4 60.5 77.6 
183.0 1940 232.8 119.4 Bove 306 .0 0.761 ae 1016 117.5 UO: 89.7 
Mj(-«)+M 
Vj+Vo| Mix )+ M2 M] My(l-«)} V9 My(1-«)/V2| M) «/V 
Vi+V2 
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It will be apparent that this overall result has un- 
satisfactory features. Line A represents Equation 7, 
whereas line B represents Equation 6. Obviously for 
one set of results, both of these relationships should 
not give a line passing through the origin. It is partly 
the spread of the experimental results which makes 
it possible to draw a line through the origin in both 
cases, but other factors representing an inadequacy 
in the technique are of greater importance. Equating 
relationships 6 and 7, 


Ky(1- « =Kg [Mj(1-« )+ Mg ] (8) 
from which, 

Ky Mo 1 

9 

(9) 


For any series of tests, Mj /(M,+Mg) is constant and 
equal to the yield after infinite time in a batch test. 
Consequently Mo/M, should remain constant. 

Also, if the process is first order as is indicated, 
« should be independent of the mass of material pre- 
sent, depending only on the effective residence time 
of increments of pulp in the cell: 


-K' te (10) 


« =l-e 


Consequently, « should remain constant throughout 
a series of tests carried out at different pulp densities, 
and is in fact approximately constant in the series of 
tests described. 

The conditions are such then, that it is possible 
to establish first order kinetics by carrying out a 
series of tests at different pulp densities, but it is 
not possible to obtain a reliable value of the rate con- 
stant if there is any doubt about the amount of non- 
floatable material in the pulp. 

Arbiter has suggested that the rate constant pro- 
vides a parameter of floatability which should facili- 
tate calculation of the capacity requirements of a 
flotation plant. However, the two values of the rate 
constant derived from the present series of tests are 
very different and would lead to widely differing cal- 
culations for flotation plant capacity required. The 


results as a whole indicate that this particular ex- 
perimental technique for small scale continuous test- 
ing is not sufficiently reliable to make the rate con- 
stant determined a sensitive and reliable indication 
of flotation characteristics. Even though first order 
kinetics may be assumed, the problem of assessing 
the proportion of floatable material in the pulp re- 
mains; in this connection other interesting features 
have been observed by the authors. 

Many of the earlier investigators of flotation 
kinetics assumed in their calculations that all of the 
solid fed to the flotation cell was floatable, and this 
has been justifiably criticised by Morris. In an attempt 
to overcome the difficulty, Brown and Smith used 
bright coal of low ash content and fairlv high rank 
(Winter Seam, Yorkshire). All the coal was ground to 
minus 30 B.S. mesh, and since this coal is readily 
amenable to flotation all the product was assumed to 
be floatable. The present authors, working with coal 
from the same seam, initially made the same assump- 
tion; but subsequent batch tests showed that the max- 
imum recovery obtainable was only 86.8 per cent. 
That is, 13.2 per cent of the feed in the continuous 
tests is apparently not floatable. 

This was investigated further with another 
sample of coal from the same seam. The coal was 
subjected to a batch test, carefully dried at a low 
temperature, and the yield noted. The material re- 
covered as froth was then repulped, reconditioned 
and refloated; it was anticipated that all the mater- 
ial would be recovered as froth, but in fact about the 
same percentage recovery as before was obtained. 
Two further refloats yielded similar results, and were 
also obtained with other samples of coal (Table II). 

The significant feature of these results is that 
100 per cent recovery is never obtained, even after 
a very long residence time and several refloats which 
might be expected to reject all the non-floatable 
material. There can be little doubt that material used 
in the third and successive refloats is practically 100 
per cent floatable material; it has already floated 
twice, but nevertheless some of it is still not recovered. 


TABLE I 


Percentage recovery of coal in batch flotation tests on successive refloats 


Test Sample 1 Sample 2 Sample 3 
number 
% recovery % of original % recovery % of original % recovery % of original 
86.8 86.8 85.3 85.3 TORS 
85.2 (ACES 84.2 rales 76.8 95.8 
3 79.6 56.8 74.0 41.3 
4 88.4 50.3 76.8 45.0 69.0 
6 67.0 24.9 9.8 
7 65.5 16.3 = 
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Pulp density rather than inherent floatability 
appears to be a governing factor. Presumably floatable 
material can be recovered from the pulp only so long as 
it is present in quantities which give a good chance of 
collision and adhesion in the froth layer. This is indi- 
cated particularly by the drop in total percentage re- 
covery in the fifth, sixth and seventh refloats, where 
the pulp density is initially low. 

It is not an easy matter then to decide how much 
of the solid in a pulp is floatable, and on this account 
the value determined for the rate constant by the tech- 
nique described must be of doubtful value. However, 
the experiments described in the succeeding para- 
graphs indicate how the difficulty may be overcome 
by adopting an alternative testing procedure which 
gives more reliable results. 


CONTINUOUS FLOTATION TESTS 
AY DIFFERENT FEED RATES 


As an alterative to carrying out flotation tests 
at constant feed rate and varying pulp density, the 
same effect within the cell can be obtained by re- 
versing these conditions. It will be apparent that, for 
a feed of a certain pulp density, if the feed rate is in- 
finite the pulp density of the fluid in the cell under 
equilibrium conditions must be the same as that of the 
feed. On the other hand, if the feed rate is zero (batch 
testing) the equilibrium pulp density of floatable mater- 


ial in the cell will be zero (batch test complete). There- 


fore by adjusting the feed rate suitably it must be 
possible to adjust the pulp density of floatable mater- 
ial in the cell to any desired value. 

The result is achieved by varying the time of flo- 
tation of any increment of pulp within the cell. This 
time is a complex function (Byrom) of cell volume and 
feed rate: 

Vi+ Vo 
The argument propounded above follows from this re- 
lationship since for first order kinetics Equation 4 
applies. Also, the conditions which led to Equation 9 
no longer apply, since « must be different at each 
feed rate. 

Series of continuous flotation tests were carried 
out in the Denver cell to investigate the influence of 
feed rate on the rate of flotation of coal. Test condi- 
tions were similar to those used in the previous series 
of tests, but cresylic acid was used as frothing agent. 
Sufficient was added to ensure that no difficulty was 
experienced due to adsorption of the frothing agent. 
The results of two separate series of tests on two 
different coals are given in Tables 3 and 4, and com- 
puted fitures are presented graphically in Figs. 2 & 3. 

These two sets of results yield graphs which are 
more in accord with what would be expected from the 
Relationships 6 and 7 previously given. It appears that 
to take the maximum recovery in a batch test as re- 
presenting the percentage of floatable material in the 
feed solids gives a good approximation under these 
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FIG. 2 First-order plot of results at different feed 
rates with constant pulp density, Series 1. 
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FIG. 3 First-order plot of results at different feed 


rates with constant pulp density, Series 2. 
Ko = Kx = 3.15 min-l. 


test conditions. Also it is important to note that, even 
though the graph obtained by assuming all the feed to 
be floatable does not pass through the origin, the 
points still lie on a line which is parallel to the cor- 
rected line. Consequently it will be apparent that 
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TABLE Ul 


Continuous flotation tests at different feed rates 


Series 1: Maximum percentage recovery in batch tests = 80.1 


We. of 
We. of Wt of Wt. of | Fraction | floatable| Rate of Conc. of 
solid per | solid per | Wt. solid| floatable | of float- | solid per discharge | Conc. off floatable| Vol. of room 
Pulp | Feed| minute as| minute as| fed per | solid fed | able solid} min. in | oftail- | solid in a in | pulp in solid/1. 
density | rate froth tailing minute | per min. | recovered | tailing | ing pulp tailing | tailing | cell (V)| pulp/mia. 
137 |5920} 282.1 522.0 804.1 643.0 0.438 360.9 4960 105.4 72.8 2510 112.4 
136 |4370] 254.8 348.0 602.8 482.0 0.528 Wp Ys 3510 99.2 64.7 2500 102.8 
140 | 3235} 230.0 219.0 449.0 359.6 0.639 129.6 2480 88.3 52.3 2497 92.3 
141 | 3122] 235.6 214.1 449.7 360.0 0.656 124.4 2364 90.6 52.6 2462 95.7 
141 | 3042] 208.6 209,2 417.8 334.4 0.623 125.8 2356 88.7 53.4 2462 84.8 
136 {2100} 163.3 122.4 285.7 228.6 0.715 65.3 1582 hes 41,2 2438 67.0 
135 |1860| 145.7 102.5 248.2 198.7 0.733 53.0 1396 Tats, 37.9 2438 59.8 
TABLE IV 
Series 2: Maximum percentage recovery in batch tests = 91.5 
Wt. of 
Wt of Wt. of We of Fraction | floatable| Rate of Conc. of 
solid per | solid per| Wt. solid| floatable | of float- | solid per | discharge | Conc. of | floatable| Vol. of | We. froth 
Pulp Heed minute as| minute as| fed per | solid fed | able solid | min. in | of tail- solid in | solid in| pulp in| solid/L 
aman froth tailing | minute | per min, | recovered | tailing | ing pulp | tailing | tailing | cell (V)| pulp/min. 
106 |6420] 381.8 300.6 682.4 624.0 0.612 242.2 4920 61.2 49,3 2510 152.0 
107 |6270| 386.0 285.4 671.4 614.0 0.628 228.0 4715 60.7 48.3 2510 154.0 
106 | 4920} 335.0 184.6 519.6 475.0 0.706 140.0 3612 Bez 38.8 2500 134.0 
105 | 4880} 329.4 182.3 SIE 468.0 0.704 138.6 3552 51.3 39.0 2500 132.0 
106 {3585} 261.0 119.4 380.4 348.0 0.751 87.0 2426 49,2 35.9 2462 106.2 
104 |3585 | 263.0 TED 374.5 342.8 0.767 79.8 2410 46.3 33.2 2462 106.6 
106 | 2672} 211.2 70.8 282.0 257.8 0.820 46.6 1618 43.8 28.8 2438 86.6 
106 | 2640] 210.8 70.2 281.0 257.0 0.822 46,2 1726 40.7 26.7 2438 86.5 


under these test conditions a good approximation to 
the rate constant can be determined without knowing 
the percentage of floatable material in the feed; this 
certainly applies when the bulk of the feed is float- 
able. It is interesting to note the big difference in 
floatability between the two coals. 

The mass balance relationships again indicate 
why this latter technique offers a better method of 
testing. Equation 7 may be rewritten, 

K' Mj (1- «) K' 

= (12) 
V Vo Vo 
« is the main varying factor in this relationship, and 
K'Mo/Vo9 is the intercept with the abscissa of the line 
obtained assuming 100 per cent floatable material. 

If the value of Mg/V2 remains constant in any 
seriesof tests, the same value of K' will be obtained 
by plotting the results according to either Equation 6 
or 7. In the two series of tests at different feed rates 
M2/V2 does in fact remain nearly constant; in series 
1 it varies from 30 to 36 gm. solid per litre of pulp, 
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and in series 2 from 12 to 14 gm. solid per litre of 
pulp. 

The near constancy of My/V9 is thought to bea 
characteristic of the technique of testing at a series 
of feed rates, making it possible to obtain a suffi- 
ciently reliable value of the rate constant without 
knowing the proportion of floatable material in the 
pulp. 

Continuous tests at a series of feed rates have 
another important advantage over other techniques for 
determining flotation kinetics. One of the greatest 
difficulties associated with flotation testing is the 
enormous number of variables to be considered. Many 
of these variable arise for no known reasons, fre- 
quently making it difficult to duplicate experimental 
results with separately mixed batches of pulp. If the 
feed tank for the small-scale continuous tests is of 
sufficient capacity, a series of tests at different feed 
rates can be carried out with one batch of pulp. Ex- 
perimental error is thereby decreased, as is indicated 
by the series of tests described. Whereas each point 


on the graph for tests at varying pulp density repre- 
sents a different sample of pulp, points on the graphs 
for varying feed rate are in pairs or threes for one 
batch of pulp. The degree of reproducibility is indi- 
cated by the last series which was conducted in the 
following test sequence; 


Pulp sample 1 > 3 4 
Test numbers 2} | i 1 | 5 3 | 6 4 | 8 
CONCLUSIONS 


The results presented provide further evidence 
that the recovery of floatable material from a pulp 
obeys a first order law. 

An analysis of the flotation process indicates 
that under normal operating conditions there would be 
little justification for assuming anything other than 
first order kinetics. Normally the only variable will 
be the concentration of floatable material in the pulp, 
and this will therefore be the only factor directly in- 
fluencing the flotation rate. 

If we assume flotation to be effected predominant- 
ly by particle-bubble attachment in the pulp (coursing 
bubble theory), we must recognise that the probability 
of collisions between a single air bubble and a single 
particle will be very large in comparison with colli- 
sions simultaneously involving more than one particle 
and an air bubble; the kinetics will therefore approxi- 
mate closely to first order, but a slight deviation to- 
wards second order might perhaps be anticipated at 
very high pulp densities as multiple collisions become 
more frequent. 

If particle-bubble attachment is assumed to occur 
mainly in the froth layer (Smith et al, 1957) the rate 
determining step will be the mass transfer rate of 
floatable material across the ill-defined phase bound- 
ary between pulp and froth. In a well stirred vessel 
this transfer rate obeys a first order equation, and 
consequently the overall flotation kinetics will again 
be of the first order. 

Air precipitation from solution is the only other 
known significant cause of bubble-mineral aggregates, 
and in this case also first order kinetics are indicated. 
The simultaneous growth of many air bubbles on one 
mineral particle is a well-known phenomenon; but the 
reverse, that is growth of one bubble simultaneously 
on two or more mineral particles, is impossible. 
Assuming that there is an excess of air available 
from solution, it appears that the kinetics must be 
first order since single mineral particles are involved 
in the primary aggregation process. 

Finally it must be reiterated that froth flotation 
is a very complex process. Clarification of the influ- 
ence of the concentration of floatable material on the 
rate of flotation represents only a small step forward 
in our understanding of the overall kinetics of flota- 
tion. According to Sutherland’s mathematical analysis, 

Rate constant (K) =377PRTUN. sech2 (3VA/ 4R) 


Even thiscomplex expression doesnot involve 


reagent concentration nor quantity of air, and it is 
apparent that study of flotation kinetics must be in- 
vestigated much further before the rate constant could 
reasonably be adopted as a parameter of floatability. 
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COUNTERCURRENT DECANTATION: 
WHEN AND WHY 


Hydrometallurgical operations and many process- 
es in the chemical industry require the separation of 
dissolved material from solids. One of the decisions 
which has to be made in designing a plant for such an 
operation is how this separation shall be accomplish- 
ed. It is the purpose of this paper to set forth the gen- 
eral principles involved in such separations in order 
that the optimum flowsheet and equipment may be 
selected. 

Countercurrent Decantation with thickeners, or 
C.C.D. as it is generally known, is, of course, only 
one way of separating dissolved material from undis- 
solved. Other unit operations such as Countercurrent 
Filtration (C.C.F.) and Countercurrent Classification 
(C.C.C.) are widely used. The same principles may 
also be applied to centrifugally assisted decantation, 
as with nozzle or solid bowl type centrifugals, and to 
separations using screens, either gravity or centri- 
fugal type. Another form of countercurrent washing 
applicable to granular materials is practicedin contin- 
uous ion exchange operations. 

All of these operations depend on two basic prin- 
ciples, or combinations of these principles. In C.C.D. 
type operations the solids are concentrated into the 
smallest possible volume of liquor in each step and 
the resulting pulp then mixed with a more dilute liquor 
and reconcentrated, the liquors separated from the 
more dilute stages being advanced to dilute the more 
concentrated liquor in a previous solids concentrate, 
as is shown in Fig. 1. This will be termed the solids 
concentration-solution dilution principle, or, for short, 
solution dilution. 


E. J. ROBERTS is Company Technical Advisor, 
Dorr-Oliver Inc., Stamford, Conn. TP 59B108. Manu- 
script, Oct. 7, 1959. AIME Trans., Vol. 217, 1960. 
San Francisco Meeting, February 1959. 
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FIG. 1 Solids concentration-solution dilution in 


countercurrent decantation-type circuits. 


The second principle used in washing solubles 
from solids is that of solids concentration-solution 
displacement. Here the solids are restrained from 
movement while wash solution is forced through the 
interstices in a counter-current fashion, as in Fig. 

2. In the simplest application of this principle, once 
the ‘‘cake’’ has been formed, it is not disturbed un- 
til the operation is completed. In continuous filters, 
the cake is merely moved under the successive wash- 
es and the displaced filtrates removed as in Fig. 4. 
Often, however, after one or two displacement washes, 
a repulping step is introduced, the cake reformed and 
washed again. This procedure brings the solution dilu- 
tion principle into play as well as the solution dis- 
placement principle. Merely thickening ahead of fil- 
tration, which is often operationally advantageous, 
does not hybridize the circuit. It still can be a pure 
solution displacement operation from the washing 
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FIG. 2 


Solids concentration-solution displacement in 
countercurrent decantation-type circuits. 


standpoint. Similarly one can have all filtration oper- 
ations that are purely solution dilution in principle 
because the washing is accomplished by dilution via 
repulping rather than applied displacementwise. 

It is thus seen that the basic difference between 
the two principles involved is in how the wash is 
applied. In the one case the washes merely serve to 
dilute the liquors contained in the voids from one step 
to the next, while in the other case the void liquors 
are actually displaced by the wash solutions in a 
more or less plug flow fashion. If the displacement 
were 100% perfect plug flow, one void volume of pure 
solvent wash would displace 100% of the original li- 
quor contained in the voids and there would be no 
need for a countercurrent operation. The washing 
would be complete in one washing step. What is more, 
all of the wash water applied would go out in the 
final cake so that there would be no dilution of the 
filtrate. Actually the displacement is never 100% plug 
flow but may apparently be as low as 35% or as high 
as 90%. 


Oliver horizontal filter. 


FIG. 4 
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FIG. 3 Feed preparation circuits. 

In order to handle all types of extraction circuits 
(Fig. 3) more flexibly, the present paper will base its 
comparison of alternative solubles recovery flow- 
sheets on the washing stages of the circuitsonly. The 
primary solids concentration steps and recovery of 
strong liquor can be calculated separately and the re- 
sult combined with the alternative washing circuits 
as necessary to obtain overall recovery and loss 
figures. 

All solution weights will be presented on the 
basis of tons per ton of solids involved. Thus all 
thickener underflows and filter cakes will be on a so- 
called ‘‘dilution’’ basis. Wash water applied, over- 
flows, filtrates and the like will be handled similarly. 
Thus, per ton of solids being washed, there will be F 
tons of liquor entering the washing circuit with the 
solids, and U tons of solution leaving the circuit with 
the washed solids; while W tons of wash water will 
have been applied and K tons of weak liquor recover- 
ed asoverflow or wash filtrate. Fundamentally, by 


materials balance, 


Wt+F=U+K (1) 


If the dilution of the entering feed is the same as 
that of the exiting solids; i.e., U = F; then W =K. 


1) the filter, 2) mother 
liquor receiver, 3) mother 
liquor pump, 4) process 
liquor receiver, 5) process 
liquor pump, 6) strong wash 
liquor receiver, 7) strong 
wash liquor pump, 8) strong 
wash liquor tank, 9) weak 
wash liquor receiver, 10) 
weak wash liquor pump, 

11) weak wash liquor tank, 
12) condenser scrubber, 

13) seal pit, 14) vacuum 
pump, A) mother liquor out, 
B) process liquor out, C) 
wash water in, D) blowback 
air in, E) discharged cake 
out, F) feed in, VL) vacuum 
lines, and FL, filtrate lines. 
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U, F, K and W without subscript will be used to re- 
present the overall figures for the circuit as a whole. 
They may be also employed with subscript to repre- 
sent the corresponding terms for any state of the 
washing circuit. 

An extremely important point to keep in mind in 
all washing calculations and comparisons is the 
“‘net wash advance,’’ A, where 


(2) 


Any excess water (or other solvent) over and above 
that being discarded with the washed solids must be 
absorbed in the process somewhere. Some or all of 
it may be needed to carry the solubles in the strong 
liquor. A net wash advance in excess of that which 
can be tolerated in the strong liquor must be evapor- 
ated or stripped of values and discarded. Many cir- 
cuits, such as certain solution grind cyanide circuits, 
are completely cyclic in nature and the net wash ad- 
vance insofar as fresh water is concerned is held to 
zero. However, preliminary washes of a second sol- 
vent, like the barren cyanide solution, involve as 
large a volume as it is desired to put through the 
precipitation steps. 

In comparing alternative circuits then, the cal- 
culations must be made with wash tonnages which 
will give the same net wash advance. For example, 
in a Bayer plant where the net wash advance must be 
evaporated, it may have been determined that a C.C.D. 
circuit would balance out economically at a net wash 
advance of 2 tons per ton of red mud. An altemative 
filter circuit must be calculated with this same figure. 
If the thickener underflows were 2 to 1 dilution and 
the filter cakes were 1 to 1, it would mean that the 
total wash, W, would be 4 tons per ton of solids in 
the case of the thickeners and 3 tons per ton with 
the filters. 

To obtain an overall view of the relative effec- 
tiveness of the two principles of washing, equations 
will be developed in parallel fashion even though 
the general equation for solution dilution (Eq 9) has 
been previously published! for a complete circuit in 
slightly different form. In both cases x will repre- 
sent the weight of solubles lost with the washed 
solids; and the Solubles Ratio, S, will be the weight 
of solubles entering the washing circuit per unit 
weight of solubles finally lost. Thus the washing 
efficiency will be 100(8=4)%. As with the other sym- 
bols, S with a subscript denoting a certain stage will 
represent the ratio of the weight of solubles entering 
that stage to the weight of solubles finally lost. 

Consider any typical washing stage C in Fig. 5, 
delivering solids to stage D. Let z represent the 
weight of solubles leaving Stage C and y the weight 
of solubles entering C along with the solids. Barring 
further leaching or desorption, and at steady state, 
there must be a net advance of x solubles towards 
the final underflow. Therefore the overflow Kc must 
carry x weight less solubles than is entering via Fc 


with the feed solids, or y-x. Likewise the wash enter- 
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OVERFLOW OR FILTRATE 
FEED, Kc tons, y-x units solubles 


Fe tons solution 
y units solubles 


WASHING STAGE C | — 


UNDERFLOW OR CAKE 
Uc tons solution = Fp 


WASH, Wo 
z-x units 
Z units solubles 


FIG. 5 Typical washing stage. 

ing from the succeeding stage (Wc) must carry x 
weight less solubles than the underflow solution, Uc, 
Or Z-x. 

For purposes of comparison, even at the risk of 
some confusion, the symbol r will be used to repre- 
sent the ‘‘wash ratio’’* in both circuits even though 
they basically have different definitions in the two 
circuits. In solution dilution, r equals the ratio of 
the tons of overflow from any stage to the tons of un- 
derflow solution; r = Kc | In solution displacement, 
it is the ratio of tons of wash applied to tons of 
feed solution entering any stage, r = Fe . However, 
when the dilution of the discharged solids does not 
vary from stage to stage, r = in both types of 
circuit. 


APPLICATION TO SOLUTION DILUTION 


A fundamental tenet of solution dilution opera- 
tions is that, in any stage, the concentration of solu- 
bles in the overflow and underflow solutions is the 
same. Therefore the weight of solubles going each 
way is proportional to the volumes or weights of these 
solutions. 


Thus in Fig. 5: 


(3) 
or y=rcz +x (4) 
Dividing by x, 
y 
(5) 
x x 
Since by definition Sc = and Sp =—, 
x x 
chal (6) 


Thus the Solubles Ratio for any stage is the 
wash ratio times the Solubles Ratio for the succeed- 
ing stage, plus one. If U is constant, r =~ and the 
subscript can be dropped. Since in the final stage 
Sp =], = ; for a single washing stage: 


S=rt+l (7) 


for two stages 


] (8) 


for n stages 


—al 


If thickener underflow dilutions change, thereby 
affecting overflow volumes, and thusly the ratio r, it 
will be necessary to give the r’s subscripts. In three 
stages of washing, for example, 


APPLICATION TO SOLUTION DISPLACEMENT 


The solution filling the voids in a washed filter 
cake can be considered to be made up to two portions: 
a certain fraction, R, of solution as present before 
the wash was applied; and the remainder, 1-R, of the 
composition of the wash which was applied. When the 
wash applied is pure solvent, the term (1-R) will con- 
tribute no soluble values, but, when the wash contains 
solubles, these solubles must be allowed for. 

Again referring to Fig. 5, if Uc = Fc: 


EE 
z = Ry + (1-R) (z-x) Wa (12) 
C 
dividing by xR, 
xR x 1 R x Wc 
rearranging, 
Zz 1-R Zz F 
R x We 
collecting terms, 
Zz ] 1-R\ F 1-R\ F 
R R Wc 
but 
a Sc and— = Sp 
x 
1 1-R\ F 1-R\ Fc 
R RJ We We 


Thus, as in the case of C.C.D., the solubles ratio 
for any stage is determined by a multiplier times the 
solubles ratio for the succeeding stage, plus an addi- 
tive term. For convenience designate the additive term 


as a: 
- -R 
LR = L-R (17) 
R \W Rr 
and the multiplier term as m: 
(18) 
R 
Then Sc = mc Sp +ac (19) 


and equation 16 takes on the form of equation 6 and 
becomes much less formidable looking. 

In the particular case where not only U but also 
R is constant throughout the series, the subscripts 
can be dropped from m and a and simplified equations 
written. For one stage: 


S=m+ta (20) 
two stages: 
S=m2 + ma + a (21) 
for n stages: 
Sem? 4mtl, ...-- +a (22) 
= m= + a (23) 
m-] 


Actually, equations 7 through 1] and 20 through 
23 are not particularly useful in actual problem solv- 
ing. Equations 6 and 19 are the one utilized because, 
for a given set of conditions, the multipliers r or m 
may be set on a slide rule and the overall S ratios 
developed for various numbers of washing stages mere- 
ly by multiplying that for the preceding stage by r or 
m and adding | or a. Furthermore, in filtration washing 
operations there are very few cases in which the prin- 
ciple used is displacement only; generally repulping 
is used also or exclusively. In addition, cake mois- 
tures change as washing proceeds, sometimes drasti- 
cally. Therefore the safest procedure in a complicated 
circuit is to lay out the circuit, fill in the solution ton- 
nages, and then the solubles tonnages in multiples of x, 
the final loss figure. However, equations 6 and 19 can 
be extremely useful in selecting the circuit to be used. 

In order to use equations 6 and 19, not only must 
the underflow dilutions and filter cake moistures be 
determined, but also the allowable wash advance, A, 
must be decided upon. The other necessary informa- 
tion needed is the residual liquor figure, R. To deter- 
mine this exactly for the wash advance desired is 
difficult experimentally. Therefore it is convenient to 
determine R for various values of the wash ratio, r, 
and plot them as by Mondria®, whereby interpolated 
values may be readily read off; or to make use of the 
approximation of Choudhury and Dah |strom4, 


where E. is the ‘‘displacement efficiency’’, or the % 
removal of mother liquor at a wash ratio of 1. Once E 


R= (24) 


has been determined by one or more determinations of 
R at convenient values of r; R for other wash ratios 
may readily be estimated, with due allowance for a 
somewhat lower displacement efficiency in plant 
practice than on the test leaf. 

Soluble ratios have been calculated to compare 
the two principles for different net wash advances with 
one, two and three stages of washing. Table I, for a 
single washing step, lists the solubles ratios for solu- 
tion dilution with thickeners at an assumed underflow 
% solids of 66.7; solution dilution for filtration with 
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TABLE I 
Soluble Ratios — Single Stage Wash 


Solution Dilution vs. Solution Displacement 


Net Wash Advance, A = 0 
Solution Dilution U = 6 
Solution Dilution U = 22 3 A 110 
Solution Displacement U= 0.25 
E= 50% 2 4 8 
BB) 
2D 
TABLE II 


Solubles Ratios — Two Stages of Washing 


Solution Dilution vs. Solution Displacement 


Net Wash Advance, A = 00 0.25 
Solution Dilution U = 8 4.8 BAL 
Solution Dilution U = 0.25 3 7 By Gul Bie Gall 
Solution Displacement U= 0.25 
E= 50% 3 ES 47.7 

60% 4 25.3 173 

937 

80% 9 337 10,500 

TABLE II 


Soluble Ratios — Three Stages of Washing 


Solution Dilution vs. Solution Displacement 


Net Wash Advance, A = 0 0.25 (sy) ey 
Solution Dilution U= 0.5 4 8.1 15 40 8 15 
Solution Dilution U = 0.25 4 LS 40 156 400 820 
Solution 
Displacement U = 0.25 
E= 530% 4 30.3 273 

60% 5.5 94.5 1,859 

70% 8 442 23,500 

80% 13 4392 


re pulping at cake moistures of 20%; and pure solution 
displacement with cake moistures of 20% and various 
displacement efficiencies. Tables II and III are the 
same series for two and three stages. 

It is to be noted that at zero net wash advance, 
thickening, filtration with repulping and filtration with 
displacement washing at a 50% displacement efficiency 
all produce the.same result insofar as the solubles 
ratios in the washing circuit are concerned. However, 
it must be realized that with the underflow and cake 
moistures assumed, when the solubles ratios are 
carried on through to the feed to the solids concen- 
tration step in the feed preparation circuit, the ratios 
for either mode of filtration will be double those for 
thickening. This is because the tonnage of solution 
entering the washing circuit at 80% solids is only half 
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that at 66.7% solids. ; 
At any finite net wash advance, filtration picks 


up a further advantage in that the solubles ratios are 
increased even for the repulping circuit, because, 


from equation 2, 


W U+A A 


= | +— (25) 
U 


U U 


and U values by filtration are lower than by settling 
to a pumpable slurry. 

As the net wash advance increases, or the dis- 
placement efficiency, the solubles ratios increase so 
that with a 70% displacement efficiency and a net 
wash advance equal to the cake moisture (0.25 in this 
case), whereby r = 2, the washing efficiency in the 
washing circuit itself reaches 98.6% (S = 72.2) with 
two displacement steps in countercurrent relation. If 
no auxiliary solutions were added in the feed prepara- 
tion circuit, this would also mean 98.6% overall sol- 
ubles recovery because the product solution would be 
equal to the net wash advance. To do the same with 
C.C.D. would require ten washing stages with a net 
wash advance of 0.25, while if a net wash advance of 
0.5 were allowed, five stages of C.C.D. would give 
98.4% solubles recovery. 

With the indicated power of the displacement 
principle one might think it would always be used. 
However, cake cracking or other factors may cause the 
displacement efficiency to fall well below 50%, es- 
pecially after a wash ratio of about 1 has been ap- 
plied. Also, unit capacities may be low, with conse- 
quent high installation costs compared to some form 
of solution dilution. As a result, the number of purely 


countercurrent solution displacement installations in 


operation are very few. There are many using simple 
one-stage solvent wash, many others employing sev- 
eral stages of filtration with displacement wash but 
with repulping in between stages. Others use filtra- 
tion with no displacement wash but incorporating 
repulping between stages. Finally there are a large 
number of cases using thickeners in simple C.C.D. 
arrangement. 

Each case must be analyzedon its individual 
merits with all of the capital costs and operating costs 
figured for each type of equipment, whether it be grav- 
ity and centrifugal thickeners or screens, filters, 
classifiers or cyclones. This analysis necessitates a 
familiarity with the special attributes of the various 
types of equipment and a knowledge of how to make 
the best use of each. Capacity and performance data 
must then be obtained on those types which appear to 
be applicable before the required selection of circuit 
and equipment can be made. 

The “when and why”’ of countercurrent decantation 
is thus dictated by the economics of the situation. If 
the overall operating costs are lower, it will probably 
be used and vice versa, although a reduced capital 
outlay even at a higher operating cost might be a de- 
ciding factor in certain cases. 


NOTATION 
A Net Wash Advance =W-U, in tons solvent per ton 


eal 


of washed solids. 

panne term in solution displacement equations 

Typical washing stage. 

Succeeding stage. 

Displacement Efficiency in %. Percent of solubles 

removed from cake by one void volume of pure sol- 

vent applied as wash. 

Feed Solution — Tons of solution entering wash- 

ing circuit per ton of washed solids. With sub- 

script, tons solution per ton solids entering any 

stage. 

Weak Liquor — Tons solution with recovered sol- 

ubles leaving washing circuit per ton of washed 

solids. With subscript, the same for any stage. 

Multiplier in solution displacement equations 

Number of stages of washing; also to designate 

a particular washing stage, the nth stage being 

the final one. 

Wash ratio = —— for solution displacement. In 

solution dilution strictly r = rt ; but when U is 

constant r = “ in both cases. With subscript, 

strictly for that stage. 

Residual liquor. Weight fraction of solubles pre- 


sent prior to wash which remain in cake after 

E r 
100 
Solubles ratio. Weight of solubles entering wash 


washing with pure solvent. R = 


ing circuit per ton of solubles lost in final wash- 
ed cake. With subscript, the same for any stage. 
Underflow Solution. Tons of solution leaving cir- 
cuit with one ton of washed solids. With sub- 
script, the same for any stage. 

Wash. Tons of solvent applied as wash per ton of 
washed solids. With subscript, tons of solution ap- 
plied as wash in any stage, per ton of washed solids. 
Weight of solubles per ton of washed solids leav- 
ing the last washing stage. 

Weight of solubles perton of washed solids enter- 
ing washing stage C. 

Weight of solubles per ton of washed solids leav- 
ing washing stage C. 
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PHYSICAL CHEMICAL ASPECTS 
OF FLOCCULATION BY POLYMERS 


INTRODUCTION 


The continuous interest of the American Cyanamid 
Company in producing superior polymeric flocculants 
and dispersants for the mining industry has resulted in 
a broad, general study of the physical chemistry of 
mineral-polymer systems. The aim of this program has 
been to establish a sound theoretical basis on which 
practical problems could be analyzed, and which would 
lead to the development of new and improved flocculat- 
ing and dispersing agents. This study has required the 
cooperative effort of physical, analytical, and polymer 
chemists, as well as engineers familiar with mining 
problems. This report summarizes the results of some 
of our investigations over the past two years. Further 
studies along these and other lines are in progress 
and will be reported in the near future. 


MEASURING FLOCCULA TION 
IN THE LABORA TORY 


The foremost problem in studying flocculation in 
the laboratory has been to establish reproducible 
methods of comparing and evaluating the effectiveness 
of various reagents. Previous workers have measured 
settling rates+8 filtration rates?, and sediment vol- 
umes?. Direct observations of the floc size, or the 
clarity of the supernatant liquid, can also be used. 
Although these parameters are all interrelated, they 
do not always measure the same physical properties 
of the suspensions, and hence are not equally useful 


or reliable. Whatever the method of comparison selected, 
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the testing procedure must be carefully defined and 
standardized. The results must be satisfactorily re- 
producible, and for practical purposes must accurate- 
ly reflect the results obtained in mill use. 


In order to compare the data obtained in these 
various types of test, the physical nature of the 
flocculated system must be examined in some detail. 

In an unflocculated system, only the larger or 
denser particles (the ‘‘sands’’) settle at a useful rate. 
The sediment can be observed to build up from the 
bottom of the cylinder, while the fines remain in sus- 
pension for a long period of time. If the system is not 
disturbed, even the microscopic fines can be seen to 
classify themselves as they fall over a period of days. 
When a high molecular weight polymer is added to the 
system, the colloidal particles are tied together ran- 
domly in flocs, and the sands and fines settle togeth- 
er. The line of demarkation between solid and liquid 
phases moves downward from the top of the cylinder. 


The settling rate of the flocs depends on their 
size and on their effective density. For a given min- 
eral sample, the larger the flocs, the faster the set- 
tling. Since the large flocs cannot pack as closely 
as small ones, they produce a sediment with more 
pore spaces, and hence of larger volume, which is 
easier to pump and to agitate. 

Although it is nearly impossible to measure in- 
dividual floc sizes, it is relatively easy to determine 
settling rates and sediment volumes. Of these two, 
the settling rate is simpler to measure, and hence 
generally more practical. Reproducible sediment vol- 
umes can only be obtained by allowing the solids to 
pack for a rather long period of time (e.g., hours to 
days), and although the volumes thus observed are 
directly related to the degree of flocculation (average 
floc size), it is often impractical to wait so long for 
the results. 


On the other hand, settling rates do not always 
reflect the ‘‘completeness”’ of a flocculation. ‘‘Com- 
pleteness”’ refers to how well the fines have been 
incorporated into the flocs, and it can be estimated 
independently, if need be, from the clarity of the 
supematant liquid. Occasionally, fast-falling flocs 
may be observed to leave a relatively cloudy super- 
natant. This may occur when the solid is heterogen- 
eous and contains particles of widely differing sizes 
or densities. The larger, denser particles then tend 
to increase the floc density (although not necessarily 
floc size), and thus increase the settling rate. Many 
*“fines’’ may be left suspended above the fast-falling 
flocs. This situation may occur when the very fine 
particles are dispersed by the presence of alkali, ad- 
sorbable ions, or low molecular weight polymer, 
which prevents their incorporation into the flocs. 
Conversely, high supernatant clarity can sometimes 
be obtained without fast settling flocs. The presence 
of a large amount of electrolyte in the solution (salts, 
acids, or charged polymers) reduces the repulsive 
surface charges on the particles and permits aggrega- 
tion of the fines. 

Measurements of the filtration rates of flocculat- 
ed suspensions can provide useful information in many 
practical situations. The observed rates are a function 
of both the number of “‘fines’’ that clog the filter med- 
ium, and the porosity of the cake. A certain amount of 
mathematical analysis is usually required in order to 
interpret the results on a physical-chemical basis. 

In this investigation all of these methods of ob- 
servation have been employed in order to separate and 
evaluate the various effects. In comparisons of differ- 
ent samples under different conditions, it has been 
found that a standardized settling test procedure, 
utilizing a | liter graduated cylinder, provides sensi- 
tive and reproducible data in the great majority of 
systems. These data, coupled with measurements of 
supernatant clarity, have accurately reflected the re- 
sults of field tests of many commercial products, and 
can be used to predict the optimum conditions for 
application of a given flocculant on a given ore. The 
relative importance of each of the conditions of the 
test has been thoroughly investigated’. 


MECHANISMS OF FLOC FORMATION 
AND DEGRADATION 


In order to understand the mechanisms of floc 
formation and degradation, the effect of a large numb- 
er of variables on the flocculation of different solids 
has been systematically studied. The type of polymer 
and itsmolecular weight, the presence of electrolytes, 
the pH, and the chemical and physical state of the 
surface all affect the observed degree of flocculation. 

It is fairly well known that the flocculation in a 
given colloidal system cannot be increased indefin- 
itely. Beyond a certain ‘optimum concentration’’, the 
use of additional polymer causes poorer, rather than 
better flocculation. This isa very general observation 
which holds for all polymeric materials. Figure 1 
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FIG. 1 Typical quantity vs settling-rate curve for — 


325 mesh silica slime treated with a poly- 


acrylamide flocculant. 


shows a typical quantity vs. settling-rate curve for a 
- 325 mesh silica slime that was treated with a poly- 
acrylamide flocculant. 

The value of the optimum ratio is dependent on a 
great many factors (i.e., changes in the polymer, the 
solid, or the solution), and it is the maximum amount 
of polymer that the solid can utilize for flocculation 
under the conditions of the experiment. In many cases 
the optimum ratio of polymer to solid is higher than 
the usage limits dictated by the economics of the 
separation process. However, in order to understand 
the polymer-particle interaction, the experimental 
conditions must be varied widely. In terms of the 
mechanism of flocculation, the optimum ratio is direct- 
ly related to the amount of “‘multiparticle’’ adsorption, 
which must occur as the particles are bound together 
to form flocs. The changes in this optimum ratio un- 
der varying conditions were therefore studied in detail. 

In order to relate the concept of an optimum ratio 

to the more familiar ‘‘adsorption isotherm’’, the distri- 
bution of polymer between the liquid and floc phases 
was studied as a function of polymer concentration. 
In each case the polymer (polyacrylamide) was added 
to the suspension as a dilute solution, and was thor- 
oughly mixed. Large, fast-settling flocs were formed. 
The flocs and the supernatant liquids were analyzed 
for polyacrylamide by micro-Kieldah] nitrogen analy- 
sis, and the results are shown in Figure 2. 

It can be seen that up to a certain concentration, 
practically all of the added polymer is adsorbed on 
the solid; none is left in the solution. The point be- 
yond which the polymer is not completely adsorbed 
corresponds to the optimum polymer/solid ratio found 
by observation of the settling rates! This fact has 
been confirmed in several systems, and under different 
conditions. On theother hand, the total amount adsorb- 
ed on the solid increases steadily below and above the 
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optimum ratio. There is no point of ‘‘saturation”’ of 
the solid. 

If the flocs formed in the presence of excess 
polymer are agitated, they degrade faster than the 
“optimum”? flocs. In doing so they adsorb the ‘‘ex- 
cess”’ polymer from solution. Experiments have shown 
a steady decrease in the ‘‘excess’’ polymer concen- 
tration with increasing agitation. In Figure 3, the 
dotted curves indicate how this continued pick-up 
would affect the adsorption ‘‘isotherm’’. In flocculat- 
ed systems, so-called ‘‘adsorption isotherms’ are 
thus fictitious, and are strictly a function of the de- 
gree of agitation imposed on the mixtures. 
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Flocs and supernatant liquids analyzed for 


polyacrylamide by micro-Kjeldahl nitrogen 


analysis. 
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FIG. 3 As flocs are broken down by continued 


agitation, amount of suspended ‘‘haze’’ 
increases and certain amount of ‘‘heavy 
solids’’ settle. Polymer contents of 


these phases are shown. 


The mechanism of floc degradation in the pre- 
sence of excess polymer is thus reasonably clear: as 
the flocs are broken apart (“‘opened up’’), fresh sur- 
faces are exposed upon which the polymer is rapidly 
adsorbed. The flocs then cannot reform as well as be- 
fore because the newpolymer molecules have ‘‘insul- 
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ated”’ the portions of the surface which had previous- 
ly served as “‘bridgeheads”’. 

The existence of the optimum ratio indicates the 
presence of two competing processes when polymer is 
added to a suspension. These processes are 1) the 
formation of polymer bonds to a single particle, and 
2) the formation of polymer ‘‘bridges’’ between parti- 
cles. Both mechanisms must always occur because 
2 is simply a second step, which can only occur after 
reaction 1. The extent to which 2 occurs depends on 
the frequency with thich the particles approach close- 
ly enough to form the second bond. This depends on 
the pulp density, the surface charge or zeta potential, 
the temperature, and the polymer concentration. Large 
numbers of collisions, and hence a predominance of 
‘‘bridging’’, will occur when the pulp density is high, 
when the number of particles per gram of solid (sur- 
face area) is high, and when the repulsive surface 
charges are low (generally low pH). Up to a point, in- 
creasing the polymer usage is also beneficial, be- 
cause more bridges are formed. However, an exces- 
sively high polymer concentration is detrimental, 
because the excess material tends to cover the ex- 
posed surfaces before the interparticle collisions 
needed for “‘bridging”’ can occur. 

When a low polymer concentration is employed, 
there is often a slight “‘haze’’ left suspended in the 
supernatant after the flocs have settled. It might be 
thought that these fines remain unflocculated because 
they have not adsorbed sufficient polymer. This is 
definitely not the case. Microchemical analyses have 
shown that the “‘haze’’ always bears a higher weight 
of polymer (per gram) than do the flocs themselves. 
Although the ‘“‘haze’’ probably has a relatively high 
specific surface area, there seems little doubt that 
the very fine particles are well covered with polymer. 


Polymer Adsorption on Flocs and Haze 


Wt. of 
Fraction mg. Polymer Total Polymer 
gm. per gm. SiOg Found 
Sample 1 
Flocs 19.71 0.36 AL 
Haze 0.13 3.6 0.5 
7.6 (7.8 added) 
Sample 2 
Flocs 16.01 2.4 
Haze 1.54 0.36 0.6 


3.0 (3.0 added) 


As the flocs are broken down by continued agi- 
tation, the amount of suspended ‘‘haze’’ increases at 
the expense of the flocs, and a certain amount of 
“theavy solids”’ settle to the bottom. The relative 
amounts of these phases, and their polymer contents, 
are shown in Figures 3 and 4. 


It can be seen that the polymer concentration on 


the flocs remains relatively constant, while that in 
the ‘‘haze’’ decreases. This is because the polymer- 
poorer flocs are gradually breaking up and being 
transformed into the suspended phase. The “theavy 
solids” fraction is probably well covered by polymer, 
since its polymer content is similar to that of the 
flocs, and its surface area would be expected to be 
low. 

From a theoretical point of view, it seems likely 
that the ‘‘optimum ratio” corresponds to the limit of 
complete adsorption on the solid under hypothetical 
“*zero shear’ conditions. That is, it is the maximum 
amount of polymer that can be adsorbed on the solid 
to produce the flocculated system when no surface 
bonds are broken once they have formed. This does 
not mean that all the adsorbed polymer is assumed to 
form ‘‘bridges’’ — only that the mixing and adsorption 
occur in a statistically random manner. Interparticle 
collisions and floc formation decrease the available 
surface as the flocculation proceeds. When there is 
no longer any available surface, adsorption can occur 
only when flocs are broken apart. The ‘‘optimum 
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ratio’’ is thus a composite measure of all the factors 


which influence floc formation. 
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FIG. 4. As flocs are broken down by continued agitation, 


amount of suspended ‘‘haze”’ increases and cer- 
tain amount of ‘‘heavy solids” settle. Relative 


amounts of these phases are shown. 


FACTORS AFFECTING POLYMER 
TO SURFACE BONDING 


The energetics of polymer-to-surface bonding 
have been studied by observation of the effect of a 
number of individual variables on the optimum poly- 
mer/solid ratio. In each case a series of identical 
suspensions was prepared, to which increasing 
amounts of polymer were added. The optimum polymer/ 
solid ratio could be estimated to almost any desired 
accuracy. 

Many different minerals were included in the 
study; the present report deals chiefly with the re- 
sults on silica. The silica samples were obtained 
from Whittaker, Clark and Daniels, New York, and 
were 85 to 100% -325 mesh. The floculants were lab- 


oratory or commercial samples of polyacrylamide 


(PAM) which were characterized as to viscosity, 
molecular weight, and settling performance in the 
standardized cylinder test. 


l. Effect of Particle Size 

The surface areas of several different samples 
of fine silica were measured by the Brunauer Fmmett- 
Teller low-temperature krypton adsorption method 2. 
The optimum polymer/solid ratio was found to be 
directly proportional to the surface area of the solid. 
The particle size, or grind, is thus an important 
factor in determining the amount of polymer needed 
to flocculate the system. The results for two polymers 
of different molecular weight are shown in Figure 5. 
It may be concluded that, in this range, the mechanism 
of polymer adsorption and floc formation is relatively 
independent of particle size. 


4 
= 
higher MW PAM 
jeg 
= 
5 02+ 
a 
= 
= Ol <= lower MW PAM 


SURFACE AREA, meters®/gram 
FIG. 5 


Optimum ratios for two polymers 
of different molecular weight on 
silica samples of different 


fineness. 


2. Effect of Pulp Density 

The percentage solids in a suspension should 
effect the optimum ratio because it determines the 
number of interparticle collisions. However, over a 
practical range of pulp densities (4-50%), the changes 
in optimum concentration were found to be negligibly 
small. Although the optimum may decrease signifi- 
cantly at very low pulp densities, the observed con- 
stancy means that relative settling or filtration tests 
made under laboratory conditions will be applicable 
to field practice, even when made at different per 


centage solids. 


Optimum Polymer/SiOg ratio (mg./gm.) 


Solids in Pulp Silica No. 8 Silica No. 9 
4 % --- 0.16 
12.5% OS --- 
0.14 --- 
50 % --- 0.16 
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The stability of the flocs to agitation (at a given 
polymer dosage per ton of solids) increases with in- 
creasing pulp density. After the flocs become torn 
apart by the moving water, the probability of recom- 
bination of the fragments is apparently determined by 
their time of ‘‘free travel’’ through the solution. When 
the number of flocs is small, the time of travel before 
collision with another floc is large. The ‘‘loose ends’’ 
of the adsorbed polymer molecules (former bridges’) 
then have a greater chance of becoming adsorbed on 
their ‘‘own’’ mineral particles, and the total amount 
of “‘bridging’’ in the system is decreased. In thick 
pulps interfloc collisions are much more frequent, and 
hence there is more chance for reattachment to a 


second particle. 


3. Effect of Molecular Weight of the Polymer 

A series of PAM-type polymers of varying molec- 
ular weights was synthesized. The absolute molecular 
weights were estimated from intrinsic viscosity meas- 
urements in 1 N NaCl solution. Using a fixed silica 
sample, the optimum polymer concentration was then 
determined for each sample. The data are shown in 


Figure 6. 


07 


SETTLING RATE, cm/sec. 


0.2 0.3 04 


POLYMER ADDED, LBS./TON 


Optimum polymer concentration for samples of 


varying molecular weights. 


The higher the molecular weight, or chain length, 
of the molecules, the greater the amount that can be 
adsorbed and utilized in the flocs. With short-chain 
materials the detrimental ‘‘insulation’’ of surfaces 
occurs more often, and the degree of floculation is 
soon lessened by addition of further polymer. 

In the “‘standardized’’ settling test, the compari- 
sons are made at a relatively low polymer concentra- 
tion, shown as a vertical dotted line in Figure 6. 

The effect of molecular weight on the optimum 
ratio can be seen somewhat more directly in Figure 7. 


4. Effect of pH 


In silica suspensions, the pH of the solution 
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Suspension in water, 

he Natural pH 

a Optimum for Silica No.2 
~N 
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= 
= 
a 

fo) 
Optimum for Silica No. 8 
(OWA 
MOLECULAR WEIGHT, MILLIONS 
FIG. 7 Effect of molecular weight on optimum ratio for 


various samples. 


determines the surface charge on the particles. The 
variation of the charge with added acid and base has 
been studied by Fuerstaneau and Gaudin®, and by 
Verwey®. At high pH the surface is highly negative, 
due to ionization of the silanol groups: 


-Si -OH + H* 


In very acidic solutions the surface adsorbs a 
proton: 


Si-OH,* 


The isoelectric point is at about pH 3.5. 

The rate at which a quartz suspension will settle 
is dependent on these surface charges. When the charge 
is high, the particles cannot approach each other very 
closely, and hence they are more difficult to flocculate. 

As might be predicted, the optimum polymer ratio 

on silica changes with pH. When the high surface 
charges keep the silica particles apart, polymer bridg- 
ing occurs less frequently, and a larger proportion of 
the polymer becomes attached to single particles. 
When the number of collisions between silica parti- 
cles is low, the concentration of polymer must also 
be kept low, so that the floc-forming collisions can 
occur before the silica particles are insulated from 
each other by direct adsorption. This results in a 


lower optimum polymer to solid ratio, which can be 
seen in Figure 8. 


5. Effect of Ionic Strength 

The results shown in Figure 8 are complicated 
by the effect of the changing ionic strength of the 
solution. The ionic strength increases when either 
acid or base is added to the suspension, and although 
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+ . . 
H™ or OH" will specifically react with the particles larger flocs settle at a slower rate. This is evidently 


and determine their surface potential, the ‘‘effective” a result of the “‘drag’’ caused by the flow of solution 
charge (or zeta potential) will be reduced by the pre- around, and through the pores of, the larger, loosely 
sence of even “‘unreacting’’ ions. This ‘‘neutral packed flocs. (It is not a result of the increased 
salt’’ effect can be studied by adding varying amounts viscosity of the solutions, because it is also ob- 
of salts to suspensions at a fixed pH. The need for served in cesium chloride solutions, in which the 
the polymeric flocculant is decreased by the flocculat- viscosity decreases with increasing concentration.) 
ing action of the salts. The optimum polymer/solid This same maximum in settling rate is observed 
ratio is decreased, as shown in Figure 9. when very small amounts of polymer (~ .01 #/ton) 
Certain curious variations in settling rates have are added to salt solutions. It eventually disappears 
been observed in salt solutions. Colwell and Miller? when larger amounts of polymer are used. These data 
reported that the order of addition of salt and polymer are an interesting example of the type of problem 
affected the observed flocculation. In this type of that can be encountered in flocculated systems. Such 
measurement it is difficult to define an ‘‘equilibrium’’ apparent anomalies require careful investigation and 


condition that is independent of the degree of mixing. interpretation. 
This dependency on the order of addition might disap- 
pear if larger amounts of agitation were used. 


An interesting phenomenon that is even observed 
in salt solutions containing no polymer, is that a Le supernatant clarity J 


maximum in settling rate occurs in the presence of Zz ae 
about 0.1 M NaCl (Figure 10). However, the floc size = floc $iZeé 
: 
and supernatant clarity continue to increase as the = | 
5 
salt concentration is raised. Above 0.1 M NaCl, the ° 
0.32- 7 
024+ 
— 
or 
0.2 04 06 0.8 Re) 1.2 
= MOLARITY OF NaCl 
= FIG. 10 Extent of flocculation as in relation to 
= SiOz positive! SiOz negative 
= molarity of NaCl. 
2 4 6 8 10 14 
pH TYPES OF POLYMER TO SURFACE BONDING 


i i i ff db H. ; 


held by at least three distinct types of bonding. Any 
one, or combination of the three, may be operative 


the surface atoms of the solid. The hydrogen is then 


= © optimum ratio shared between the surface atoms (usually oxygen) 
0.08 pees a and the oxygen or nitrogen in the polymer. Taken in- 


dividually, this is a relatively low-energy bond (6 keal. 


0.40 in a given system. 
= poorer 
1. Hydrogen Bonding 
al { | This is a very common type of bonding exhibited 
s by organic acids, amides, alcohols, amines, etc., 
a which contain a hydrogen atom attached to a strongly 
ec electronegative atom (O,N,S). In these compounds the 
S hydrogen atom has lost much of its electronic atmos- 
) 
| ready to accept electrons donated b 
phere, and is ready y 
ps 
a 
= 
Z 
©) 
Zz 


Aaee eae | per mole), but an acrylamide polymer of molecular 
% 2 04 06 08 10 12 weight one million, for example, can form up to 14,000 
MOLARITY OF NaCl such bonds and the total energy of attachment per 
FIG. 9 Types of flocculation at varying molecule is thus enormous. This is the principal mode 
polymer and salt concentrations. of attachment of polyacrylamide-ty pe flocculants. 
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2. Specific, Electrostatic Site-bonding 

This type of bonding occurs when the polymer 
forms a salt-like attachment to specific groups or 
sites on the solid surface. It has sometimes been 
classified as an “‘ion-exchange”’ reaction®, but the 
importance lies in the type of bond formed, rather than 
in the mechanism of formation. Examples of this bond- 
ing are found in the adsorption of polyacrylic acid on 
clay, limestone, etc., in which the surface calcium 
atoms essentially precipitate a ‘‘calcium acrylate”’ 
layer on the particles. Similar bonding occurs between 
such reagents as mercaptans and heavy-metal ore 
surfaces. 

Although this bonding is highly energetic, it is 
limited to solids having metal ions in their lattices. 
The number of functional groups forming such bonds 
is limited in practice to carboxylates, phosphates, 
sulfonates and mercaptan derivatives. 


3. Non-specific, Double-Layer Interaction 

This is an electrostatic interaction which occurs 
between a charged mineral surface and the ions in 
solution. The charge on the ion, rather than its chemi- 
cal nature, primarily determines its attraction to the 
surface. In a manner analogous to the action of simple 
salts, charged polymers will lower the zeta potential 
of the particles and thereby increase the rate of floc- 
culation. Since most solids are negatively charged 
when suspended in water, positively charged polymers 
will be attracted to the surface, and will enter the 
ionic ‘‘double layer’’. A polymeric cation has a very 
high charge density, and so it will displace the simple 
salt ions, and is very effective in lowering the zeta 
potential (Schulze-Hardy rules). In such a case there 
is no specific site-bonding to the solid surface. Any 
negative surface will interact with a cationic polymer. 


It is possible to study and compare the strengths 
of these different bond types by systematically intro- 
ducing charged functional groups into the polymer chain. 
In making the comparisons it is essential that the 
method of addition and mixing be rigorously controlled 
and identical for all samples. For quantitative measure- 
ments, it is also essential that the comparisons be made 
on polymers of the same chain length, as measured by 
their intrinsic viscosity. The degree of flocculation is 
primarily a function of the polymer size, and this must 
be held strictly constant when attempting to study the 
variations caused by different bond types. 

For this work, a large number of polymers were 
prepared, and samples of the same intrinsic viscosity 
were selected for comparison. Using a pure polyacryla- 
mide chain as the reference standard, the polymer was 
then made negative and positive to varying degrees. 
Negative (anionic) character was introduced by co- 
polymerizing the acrylamide with acrylic acid, or by 
hydrolyzing the already formed polyacrylamide with 
alkali. Positive (cationic) polymers were prepared by 
copolymerizing acrylamide with varying amounts of 
quaternary amines. The resultant structures are 
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shown below. 


CH-CH, -CH-CH,—CH-CH, 


| poly- 
Ne acry la- 
NH, NH, NH, mide 
——CH-—CH.,—CH—CH ,-CH—CH> 
| | | _CO-OH 
CO CO CO substituted 
| | | anionic 
NH, NH, Og chain 
Ht 
amine 
substituted 
NH cationic 
chain 
| + 


The actions of these three types of polymer were 
compared on various minerals as a function of con- 
centration, pH, salts, degree of agitation, etc. The 
results on silica suspensions may serve as an example 
of the type of data obtained: 


1. Effect on the Amount of Polymer Adsorbed 

Cationic polymers are more strongly adsorbed 
than neutral or anionic material. The positive poly- 
mer aids flocculation by neutralizing the negative 
surface charge of the silica. As a result settling 
rates are faster, sediment volumes are higher, and 
the clarity of the supernatant solutions are superior. 
These effects become more apparent when larger 
amounts of polymer are used. Much less of an anionic 
polymer can be tolerated by the silica. The negative 
charge of the carboxyl groups in a polymer adds to 
that of the solid and reduces the number of inter- 
particle collisions. The optimum quantity of a cationic 
polymer is thus usually greater (on silica) than that 
of an anionic polymer. 


2. Influence of pH 


Since the surface charge increases with pH, the 
silica becomes harder to flocculate in alkaline solu- 
tions. The effectiveness of the anionic polymers 
falls off markedly as the pH is raised. The more 
cationic character that is put into the polymer chain, 
the more the polymer and surface interact, and the 
degree of flocculation becomes less sensitive to 
changing pH (Figure 11). The very low sediment vol- 
ume produced by the anionic polymer at pH 10 indi- 
cates very incomplete flocculation. The cationic 
polymers are much more effective under these 
conditions. 

It can be seen that there are a great many factors 
which influence the effectiveness of a polymer as a 
flocculant. Studies similar to these have been or are 


being made on many other colloidal systems, using a 
number of other polymer structural variations. As a 
result of investigations of this type, it should be 
possible to prescribe the most effective type of floc- 
culant for a given set of conditions. When the surface 
structure of the mineral is known, and its zeta poten- 
tial as a function of pH or added salts has been meas- 
ured, the most suitable combination of polymer-surface 
bond-types can be deduced. In any case, high molec- 
ular weight is desirable. 


cationic 


4% cationic 


HIGHER FLOCCUL ATION ——> 


x neutral PAM 


5% 
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FIG. 11 Relative sediment volume in relation 


to pH for polymers of different charge. 


Although such tailor-made flocculants are now 
feasible in the laboratory, their commerical availabil- 
ity is limited by economic considerations. Only through 
large scale production are the most effective polymers 
being introduced at reasonable cost. Individual testing 
of the various flocculants under controlled conditions 
is presently the only reasonable solution. The current- 
ly available flocculants vary both in chemical struc- 
ture and in molecular weight. Depending on the colloid- 
al system involved, and the particular end result de- 
sired, one or the other of these factors may predomin- 
ate in producing most efficient flocculation. 
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GAMMA RAY-NEUTRON BERYLLIUM 
DETECTOR AS A RECONNAISSANCE TOOL 


HIS TORY 


The first commercially available portable gamma 
ray-neutron beryllium detector, the Berylometer, was 
developed by the same group that developed the first 
practical portable scintillation counter, the Scintillo- 
meter. This group includes Professor George Brownell, 
of the Geology Department of the University of Mani- 
toba in Winnipeg, and his associates, K. I. Roulston, 
R. W. Pringle, and B. L. Funt, of the Physics and En- 
gineering Departments of the University of Manitoba. 
A prototype model was tested in the field by Dr. 
Brownell during the summer of 1958. Commercial pro- 
duction was undertaken shortly thereafter by Nuclear 
Enterprises Ltd., of Winnipeg, and a license for manu- 
facture and distribution in the U.S. was granted to 
Isotopes Specialties Co., of Burbank, California, a 
division of Nuclear Corporation of America. 

Early in 1959, we were retained by the Mining 
Division of Minerva Oil Co. to begin a search through- 
out North America for minable deposits of beryllium, 
and to train members of their permanent staff to con- 
tinue the program. The project included literature sur- 
veys, interviews with members of various federal, 
state, and provincial agencies, scanning of our own 
collection of suites of specimens from various mineral 
occurrences, and the examination of deposits in the 
field. The value of a beryllium detector to this pro- 
gram was obvious and arrangements were made to pro- 
cure one as soon as possible, which resulted in our 


L. and P. MOYD are Consulting Geologists, 
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obtaining and using the first instrument that was pro- 
duced commercially in the U. S. 

In addition to the commercially available Berylo- 
meter, Mr. William Vaughan and his associates, of 
the U. S. Geological Survey Geophysics Division, in 
Denver, have developed and tested several experi- 
mental instruments based on the same principles. 


DE LE CLOR 


Principles 

The detection of beryllium is based on the fact that 
‘“‘hard’’ gamma rays (1.6 MEV and greater), such as 
those produced by Antimony!24, convert ordinary beryl- 
lium (Be?)-to Be®, with the release of a neutron. The 
neutrons are counted by a scintillator designed to favor 
neutron responses while suppressing those of gamma 
rays. The instrument is completely selective for 
beryllium. No other element can interfere. 


Instrumentation 


The Berylometer itself, which is cylindrical, is 
about 8 inches in diameter, 13 inches high, and weighs 
about 11 pounds. (Figs. 1, 2). The principal compo- 
nents include: 

1. A disc of wax to moderate (or ‘‘thermalize’’) 
neutrons. 

A boron-enriched polyester-zinc-sulphide fluores- 
cent screen. This material produces strong flashes 
when struck by thermalized neutrons but only weak 
flashes from gamma rays. 

3. A photomultiplier tube. 


to 


4. An electronic circuit, complete with one small 7%- 
volt dry battery. The photomultiplier tube and elec- 
tronic circuit convert neutron flashes to electrical 
impulses, but gamma ray effects are almost 


FIG. 2  Berylometer and 


scaler-recorder. 
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Schematic section of the Berylometer. 


FIG. 1 


completely eliminated. A variable ‘‘discriminator”’ 


permits adjustment for maximum efficiency as the 
gamma-ray source ages and deteriorates. 

The impulses can be detected with ordinary ear- 
phones but are most effectively recorded and counted 
on a small, portable, battery-operate counter and 
scaler, which has been designed especially for use 
with this instrument. The counter, which is about 6 


inches by 5 inches by 5 inches, weighs about 3% 
pounds, including two 7%-volt dry batteries. 
The gamma ray source, 80 millicuries of Anti- 


mony 124 


when fresh, comes in a small stainless steel 
capsule which is embedded in a lead disc about 1 inch 
thick and of the same diameter as the Berylometer. It 
is connected to the bottom of the Berylometer by bay- 
onet fittings. The disc weighs about 25 pounds. When 
not in use the disc is kept and transported in an Inter- 
state Commerce Commission-approved stainless steel 
and lead shield which weighs about 100 pounds. 

Antimony!?4 has a half-life of 60 days, which 
allows a useful life of about 4 months for each 80 
millicurie charge. The suppliers send out a fresh 
source in another shield, and the old assembly can 
then be returned. 


WORKING DISTANCE AND SENSITIVITY 


The effective working distance of the instrument 
is closely limited by the principles governing its 
operation. The law that radiation intensity is inverse- 
ly proportional to the square of the distance is doubly 
invoked since it governs not only the gamma rays 
emanating from the source but also the neutrons re- 
leased by beryllium bombarded by those rays. In addi- 
tion to the attenuation caused by the distance itself, 
there is the further limiting factor that gamma rays 
can penetrate only about 1% inches of solid rock. The 
instrument is thus limited to testing only the 1%-inch 
thick surface layer of exposures, and surface irregu- 
larities can strongly affect the response. We found 
that stationary tests were necessary in the field, 
since even in relatively high-grade zones the effec- 
tive terrane-clearance is too small to permit contin- 
uous mobile scanning. 

The sensitivity of the instrument is directly re- 
lated to the duration of each test. In common with all 
nuclear reactions, individual events are erratic and 
must be considered statistically. Therefore, timed 
counts are required for determinations of beryllium 
content. 

Berryllium content is directly proportional to the 
impulses counted. A series of standards are supplied 
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with the instrument. If all other factors, such as geo- 
metry, mineral density, packing density, and counting 
period, are alike for the standard and the material be- 
ing tested, the ratio of the beryllium content of the 
unknown to that of the standard would be equal to the 
ratio of the net neutron count of the unknown to that 

of the standard. Careful control of all conditions would 
produce analyses dependable to several decimal places 
over a wide range of beryllium contents, and laboratory 
equipment is being designed for this purpose. 

Close controls and high accuracy in analytical 
results are not required for reconnaissance purposes. 
Even with very rough rock surfaces or poor packing in 
broken materials, we found no difficulty in detecting 
moderate beryllium mineralization. As an example, 
background counts range from 5 to 25 per minute, 
while a 5-inch diameter standard sample of 0.5% BeO 
content gives from 60 to 90 net counts per minute 
(depending on strength of gamma ray source andon 
ambient temperatures). The principal problem in the 
field is the detection of low-grade mineralization. 
This is primarily a matter of how long a count must 
be made in order to determine whether a test area does 
or does not contain a significant amount of beryllium. 
Surface irregularity then becomes an important factor 
since it can appreciably reduce the response. When 
expected responses are not much greater than back- 
ground, relatively long timed counts may be required — 
five minutes in some instances. Several sets of five- 
minute counts of background, standard sample, and a 
tailings dump gave reproducible results indicating a 
grade in the hundredths of one percent BeO. 


RADIOACTIVITY 


Regulations 

Antimony !24 is highly radioactive and even 
though the maximum strength used in the Berylometer, 
80 millicuries, is relatively small compared with many 
other applications of radioactive materials, it is sub- 
ject to federal, state, and provincial regulations. Sup- 
pliers can release sources only to companies or in- 
dividuals holding U.S. A.E.C. By-Product Materials 
Licenses or, in Canada, Atomic Energy Control Board 
Radioisotope Material Licenses. In order to obtain 
such licenses, the persons directly engaged in the 
supervision of the use of the instrument must prove 
their qualifications for radioactive materials handling 
through knowledge of the hazards, appropriate precau- 
tions, and the pertinent regulations, gained either 
through formal courses or practical experience. Vari- 
ous suppliers of radioactive material give short, for- 
mal courses pertinent to the type and application of 
the particular isotope. 

Some states and provinces require the filing of 
forms covering the use of radioactive sources within 
their boundaries and have regulations governing the 
handling and storage of radioisotopes. 

Federal regulations require that all radioactive 
installations be monitored. Exposed personnel are re- 
quired to wear dosimeters or film-badges, and records 
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must be kept of the dosage received by each individ- 
ual. In Canada, the Department of National Health 
and Welfare requires that its own film-badge be worn 
and the film sent in at specified intervals. 

During the field operation we wore pocket dosi- 
meters at boot-top and pants-pocket levels and re- 
corded dosages daily. We found that dosages, both 
short-term and long-term, were far below the limits 
set by the various public health agencies. For in- 
stance, the total ‘‘extremities’’ exposure for L. Moyd 
during the full six months of the program was only 655 
milliroentgens. The limits now recommended by the 
National Committee of Radiation Protection of the 
AEC are 1440 milliroentgens per week for extremities 
and 96 per week for body. It must be noted, however, 
that the instrument was not in everyday use during 
the program, since considerable time was taken up by 


travel and conferences. 


SCANNING OF ROCK AND MINERAL SUITES 


Before starting the field work we scanned our 
own fairly extensive collection of suites of rocks, 
minerals, and ores. This proved advantageous for two 
reasons. First, it permitted us to become familiar 
with the capacities and limitations of the instrument, 
from which we were able to establish safe and effi- 
cient procedures for its use in the field. And second, 
many of our suites were sufficiently representative of 
occurrences we considered to be geologically favor- 
able for beryllium deposits that negative results en- 
abled us to eliminate those occurrences from the 
field schedule, with substantial savings in time, 
cost, and effort. 

The scanning device was homemade, constructed 
from material readily available at the time. Although 
jerry-built and subject to innumberable improvements 
and refinements, it proved satisfactory for our imme- 
diate purpose. The general configuration and dimen- 
sions were based on the radiation ‘‘map’’ of the in- 
strument which was furnished by the manufacturers. 
A radiation survey of the completed installation 
proved it to be safe. 

The Berylometer was mounted bottom up, the 
surface of the source-holder flush with the upper 
side of a %-inch plywood sheet, 4 feet wide by 9 feet 
long. The sheet was mounted as a table-top on boxes 
of rock and brick (for shielding) and was tilted at 
about 15° away from the operator, thereby taking ad- 
vantage of the shielding afforded by the source-holder. 
The sample-feeder consisted of a1 foot by 2 foot 
cardboard tray held in a frame, with an extended, bail- 
type handle 8 feet long. Because of lightness and 
availability, the aluminum-alloy extension rods from 
our sampling-auger set were used for the handle and 
part of the frame. The surface of the plywood table 
was dusted with talcum powder to reduce friction. 
Specimens were aligned in the tray, then traverses 
were made at about 2-inch intervals. A plumb-bob sus- 
pended over the gamma ray source was of value in 
maintaining the traverse lines and in pinpointing the 


specimens which gave responses. A standard 1% BeO 
sample was fastened into the corner of the tray and 
was thus included in each run to serve as a check on 
the traverse speed and sensitivity. A traverse speed 
of about 4 feet per minute detected the standard on 
every run. Each time an impulse or surge of impulses 
was recorded, the traverse was repeated at a much 
slower rate, orin very small increments with short 
pauses, in order to determine whether the response 
was caused by beryllium in one of the specimens or 
was merely part of the unavoidable background which 
then averaged about 5 impulses per minute. 

In addition to the systematic scanning, a series 
of tests were made with simulated drill core in core 
trays of various types and thicknesses, and with 
spacers of various thicknesses under rich specimens 
in order to determine the effective range of the 
instrument. 

During the scanning program, personnel dosi- 
meters were worn in cap brim, on the wrist, and in the 
watch pocket. Dosages were found to be almost negli- 
gible — a total of 33 milliroentgens in two weeks. 


FIELD PROGRAM 


Areas and Types of Deposits 
The field itinerary was based on the results of 
the literature survey and interview program. In prin- 


ciple, we wanted to check rock and mineral associa- 
tions which were favorable for the occurrence of sub- 
stantial deposits of beryllium minerals. Known beryl- 
lium occurrences of various types were examined for 
our own education and to check the response of the 
instrument. Our field reconnaissance ranged from 
northern Quebec, down through the Appalachians, and 
through much of the Cordilleran area of the U. S. En- 
vironments examined included granitic and syenitic 
pegmatites and aplites, alkaline complexes, veins, 
greisens, tactites, and skarns. 


Instrumentation 

Carrier: In order to minimize radiation dosages 
to the operators and to facilitate the handling and 
placement of the Berylometer, a homemade litter was 
constructed of plywood. The Berylometer was clamped 


into a box, with a thin sheet-aluminum ‘‘window’’ to 


prevent scarring of the isotope-holder. The handles 
were 10 feet long and constructed in sections so that 
they could be broken down to 6-foot lengths. A frame 
and clamps in the center of the litter were designed 
so that the Berylometer box could be mounted verti- 
cally for ordinary traversing, or horizontally for scan- 
ning cliff-faces or the walls of underground workings. 
Transportation: The litter was carried on a mount 
on top of a Willys station wagon. The Berylometer it- 
self, in the plywood box, was carried on the floor, 
near the center of the wagon to minimize shocks and 
vibration. In transit, padding was placed between the 
Berylometer and box bottom. The source-holder, lock- 
ed in its heavy shipping container, was carried at the 
extreme back of the wagon. Radiation reaching the 


front seat was almost negligible. 


Field Procedure 


1. The instrument was assembled and mounted in the 
carrier. 

2. A background determination was made in a beryl- 
lium-free zone. For this purpose the instrument was 
usually placed on a stump or log, or on a grassy 
or mossy hummock, but holding it a foot or so 
above the ground was equally effective. Back- 
ground counts ranged from 5 to 25 impulses per 
minute, depending on the strength of the source, 
the discriminator setting, and the temperature. 
Once the machine ‘‘warmed up’’ and came into 
approximate temperature equilibrium, the back- 
ground counts remained fairly constant, within 
two or three counts per minute. 

3. In the same beryllium-free zone, the 0.5% BeO 
standard sample was centered under the instru- 
ment and a one or two minute count was made. 

4. ‘Traverses were then made, usually with one per- 
son selecting and preparing new sites while the 
second was making timed counts on the previous 
site. Whenever possible, flat, smooth surfaces 
were Selected as test sites. In the case of large 
boulders, a flat side was turned uppermost, if 
possible. Allowances were made for responses 
from rough, irregular surfaces. On talus slopes 
and dumps, sites were prepared by removing the 
coarser particles, flattening the surface, and then 
working the instrument down a bit to insure maxi- 
mum contact. 

In ordinary reconnaissance, a site was generally 

occupied for no more than a quarter to half a min- 
ute if counts were found not to exceed the back- 

ground range. 

5. Rough assays were made in the field by crushing 
samples and putting them in cans similar to those 
containing the standard samples, then making 
timed counts of up to five minutes duration. Back- 
ground counts were subtracted before the ratios 
were determined. 


CONCLUSIONS 


A field instrument for the detection of beryllium 
is almost indispensable in the search for and evalua- 
tion of beryllium deposits. We found that the Berylo- 
meter met this need admirably. 

Our examination of various known deposits of 
beryllium minerals, including the Harding pegmatite 
of New Mexico with its white beryl; Iron Mt., New 
Mexico, with disseminations of microscopic grains of 
helvite; the Boomer Mine in Colorado, with dissemina- 
tions of microsco jic grains of bertrandite; and checks 
on specimens from Mt. Wheeler, Nevada, with dissem- 
inations of microscopic grains of phenacite, proved 
that all of these deposits could have been discovered 
by use of the instrument. 

Original discoveries which can be directly credit- 
ed to this instrument include an outcropping ore-body 
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on the Boomer property, consistint of microscopic 
bertrandite disseminated through an altered aplite. 
Other bertrandite discoveries in the same region are 
now being explored. 

In addition, the instrument was able to prove the 
absence of significant amounts of beryllium from a 
number of occurrences in which it had been reported 
erroneously, usually on the basis of faulty chemical 
or spectrographic analyses, or incorrect mineral 
identifications. 

Since hundreds of test sites can be occupied with- 
in a few hours, subjective factors, other than those 
which govern the original selection of the area itself, 
tend to be minimized. Without a field instrument only 
a limited number of samples or even composites could 
be taken and submitted for analysis. Selection would 
necessarily be somewhat colored by the sampler’s 
notion on which associations were most favorable for 
the occurrence of beryllium. Although such views 
might hold down the cost of assaying, they would not 
lead to the discovery of unknown or obscure types of 
beryllium mineralization. This advantage of the in- 
strument can be illustrated by our experience in a 
relatively inaccessible, glaciated area where the bed- 
rock is not exposed but is represented by a boulder- 
field. The boulders are weathered, rough, and irregular, 
with lichen-covered surfaces. After more than a hun- 
dred such boulders were checked, one, then several 
in its immediate vicinity were found to contain rich 
concentrations of acicular white beryl. The beryl was 
not recognizable on the surface and was found only 
after the blocks which reacted were split open. What 
would have been the likelihood of our discovering this 
occurrence if we had been limited to the usual pro- 
cedure of chipping off samples and sending them away 
for assay? 

Our experiences show that the gamma ray-neutron 
beryllium detector, in its present form, has the follow- 
ing advantages in the search for and exploration of 
beryllium deposits: 
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1. The instrument can be used directly on outcrops, 
in mine workings, on dumps, and on drill cores and 
cuttings, to detect and delineate beryllium mineral- 
ization in any form. 

2. The instrument can prove the absence of beryllium 
from occurrences in which it had been erroneously 
reported. 

3. The instrument can provide rough quantitative 
analyses immediately, in the field 

4. The reactions are completely specific for beryllium. 
No other elements can interfere. 


Compared to various other types of geophysical 
tools used in reconnaissance there are some disad- 
vantages. These include: 

1. The use of a radioactive source necessitates spe- 
cial training and licensing, and precautions must 
be taken in handling, storage, and transportation. 

2. The radioactive source deteriorates at a definite 
rate, regardless of whether it is used or not, and 
it must be replaced periodically. 

3. The effective depth of rock penetration is less than 
2 inches and effective terrane clearance, in ordin- 
ary use, is less than ] inch, so that tests must be 
made directly on exposures with little or no over- 
burden, and static tests must be made instead of 
continuous scanning. 

4. The instrument is too heavy and bulky to be carried 
along at all times on routine reconnaissance. 

These restrictions, individually or all taken to- 
gether, are not really serious drawbacks to the use of 
a tool which has so many favorable characteristics. 

We fully believe that the gamma ray-neutron beryl- 
lium detector will do for beryllium what the portable 
ultraviolet lamp has done for tungsten, and the Geiger 
and scintillation counters have done for uranium, thor- 
ium, and indirectly, columbium. 
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SOME CORRELATIONS BETWEEN 
ROCK PARAMETERS, DERIVED FROM 
WUERKER’S ‘‘ANNOTATED TABLES 
OF STRENGTH AND ELASTIC PROPERTIES,” 


1956 


ABSTRACT: 


The aim of this paper is to disclose some of the correlations between rock para- 
meters, hidden in Wuerker’s ‘“‘Annotated Tables of Strength and Elastic Proper- 
ties of Rocks,’’ 1956. The empirical relations concern dry rocks of varying 
porosity. Curves and equations interrelating the specific gravity, compressive 
strength, bar velocity, and Potsson’s ratio are presented. 


IN TRODUC TION 


In 1956 Wuerker published his ‘‘Annotated Tables 
of Strength and Elastic Properties of Rock’’, in which 
various physical properties of rocks determined by 
different authorities, are tabulated systematically. 
The tables are primarily intended for use by mining-, 
quarrying- and ore-dressing engineers. Since the list 
of measured parameters for each type of rock includes 
properties such as — grain size, specific gravity, 
porosity, compressive strength, static elastic con- 
stants (moduli of elasticity, rigidity, specific damp- 
ing capacity and longitudinal bar velocity) the tables 
are also of considerable interest to the practical 
geo physicist. 

Correlations between rock parameters may enable 
geophysicists, geologists and civil engineers to 
translate measurements from one parameter to another. 
Even if these translations are of limited accuracy, or 
valid only within certain specified ranges, they often 
serve a useful purpose. The aim of this paper is to 
disclose some of the correlations between rock para- 
meters concealed in Wuerker’s Tables. 
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Throughout this paper the following symbols and 
units are used unless otherwise stated: Sg is Speci- 
fic gravity, the ratio of the density of a specimen to 
the density of water at 4°C. P is Porosity, in %, the 
ratio of the volume of voids in a specimen to its 
total volume. C, is Compressive strength in 1000 p.s.i., 
the stress under which a specimen will fracture when 
undergoing a standard compression test. V is Bar 
Velocity in kilo-feet/sec, the velocity of longitudinal 
seismic waves measured in a slender bar type speci- 
men. Vc is Bulk or Constraint Velocity in kilo-feet/ 
sec, the velocity of longitudinal seismic waves meas- 
ured in a very large specimen.-is Reciprocal bar 
velocity in millisecs/ft (1 millisec = 10°73 sec). wis 
Poisson’s ratio, the ratio of the lateral to longitudin- 
al strain of a body under longitudinal stress. 


CORRELATIONS 


Specific Gravity (Sg) vs. Porosity (P) 


Figure | is a diagram illustrating the relation- 
ship between specific gravity and porosity for ap- 
proximately 70 samples of dry rocks. A curve fitted 
by estimation to this data yields the empirical 


formula: 


Sg = -0.0268P + 2,67 * 0.2 (1) 


Considering unit volume of a porous specimen then 
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(la) 


100 Sga 


Sg =Sga - 
where Sga is the specific gravity of the material con- 
stituting the non-porous framework of the specimen. 
Since the majority of porous rocks consist of quartz 
(quartz units) with a specific gravity close to 2.67, 
then putting Sga equal to 2.67 equation (la) becomes 


Sg = 2.67 — 0.0267P 


which is almost identical with equation (1). 
If the rock pores are saturated with water, or 
watery solutions, formula (1) changes to: 


Sg =-0.017P + 2.67 + 0.2 (2) 


Figure 1 shows that in the range or porosities between 
0 and 2.5%, the specific gravity may become much 
higher than indicated by formula (1). The maximum 
specific gravity recorded was 3. 4. The explanation 

is that low porosity rocks, i.e. below 2.5%, are us- 
ually formed in temperature, pressure and chemical 
environments in which a large proportion of the min- 
erals formed are of a much higher density than quartz. 


| 
| 
| | 
| | 
| | | 
> | 
~—: : | 
‘Sg = 0.0268 P+2.67+0.2 
2 IN THE POROSITY RANGE 
‘| OF 2.5 TO 20 PCT 
| i 
) 5 10 15 20 
PoROSITY (P), PCT 
FIG. 1 Correlation between specific gravity and 


porosity for sedimentary, igneous, and 


metamorphic rocks. 


Bar Velocity (V) vs. Compressive Strength (Cs) in 
Dry Sedimentary Rocks. 
The bar velocity is obtained from a seismic test, 


the response frequencies being measured on a bar or 
cylinder which is subjected to a range of longitudinal 
vibrations by an oscillator. Fromthe response fre- 
quencies and the dimensions of the bar, the bar velo- 
city is computed (Bancroft, 1941). In the compressive 
test a cylinder of specified dimensions is subjected 
to unidirectional stress in the direction of the cylin- 
der axis. The stress at the moment the rock fractures 
and breaks down is measured, and called the com- 
pressive strength. (Krynine and Judd, 1957). The 
compressive strength may be considered as a meas- 
ure of the rock ‘strength. Figure 2 shows the compres- 
sive strength (Cs) plotted against the bar velocity (V) 
for dry sedimentary rocks. 

A statistical analysis between log. Cg and Log.V 
for these points yields the following result: 

Correlation coefficient, r, = + 0.77 
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Standard deviation in r is 0.1, and the number of ob- 
servations used is 18. 
20 


BAR VELOCITY , KILO-FT/SEC(V) 


10 
5 
| 
| 
| 
0 10 20 30 40 50 
COMPRESSIVE STRENGTH , 1000PSi(Cs) 
FIG. 2. Bar velocity vs compressive strength for 


dry sedimentary rocks. 


The empirical formula derived from this statis- 
tical analysis is: 


Log. Cg = 1.176 log. V + 0.116+ 0.143 (3) 
Cs = 1.307 V 1.176 (1+0.35) (3a) 


The terms + 0.143 in (3), and (1+0.35) in (3a) indicate 
the scatter in the data derived from the standard devi- 
ation. Formulae (3) and (3a) were computed for the 
range of bar velocities from 6 to 16 kilofeet/sec. 
Figure 2 shows a graphical presentation of Formula 
(3a). Although the scatter of the points is large, the 
trend is quite obvious. Formula (3a) may be approxi- 
mated toa simple linear relation: 


Cs = 2.5 V — 5+ 35% (3b) 


The standard deviation is indicated by the term +35%. 
As with formulae (3) and (3a), (3b) is valid in the 
velocity range of 6000 to 16000 ft/sec. 


Bar Velocity (V) vs. Compressive Strength (Cs) in 
Dry Igneous and Metamorphic Rocks. 


O | | | 
Ww | | | 
= 
| 
10 | | | 
J | | | | 
| | 
= | . | 
o 5s | 
20 30 40 50 60 70 80 90 100 
COMPRESSIVE STRENGTH , 1000 PSI (Cg) 
FIG. 3 Bar velocity vs compressive strength for 


igneous and metamorphic rocks. 


In Figure 3 the bar velocity is plotted against 


compressive strength for igneous and metamorphic 
rocks. The trendline was drawn from group averages. 


| | | 
| 
Zz 


Although the scatter of points is large, the general 
trend shows that increasing bar velocity corres ponds 
to increasing compressive strength, and that meas- 
ured velocities do not exceed 19 kilofeet/sec. The 
large scatter of points may probably be explained by 
the occurrence of small cracks and cleavage planes 
in the test specimens, and their orientation relative 
to the stress component in the compressive strength 
test. A comparison with Figure 2 shows that the 
trend line practically coincides with the empirical 
relation shown in Figure 2. 


Compressive Strength (Cs) vs. Porosity (P) for Dry 
Sedimentary and Igneous Rocks. 

Figure 4 shows the log. of the compressive 
strength plotted against the log. of the porosity for 
dry sedimentary and igneous rocks in the porosity 
range of 0 to 16 per cent. 


60 T T 


re) 
| 
+ 
| 
ps 
+ 
| 
+ 


COMPRESSIVE STRENGTH, |OOOPSI (Cs) 


LOG Cy=-0.36! LOG P+1.494+0.315 
4&-SEDIMENTARY ROCKS 
—IGNEOUS ROCKS 
| | 
0.2 0.4 06 0.8 1.0 2 1012 


POROSITY (P), PCT 


FIG. 4 


Compressive strength vs porosity. 


A statistical analysis shows a correlation coeffi- 
cient, -0.88, with a standard deviation of 0.03. The 
empirical formula derived from the statistical data is: 


Log Cg = -0.361 log P +1.494+ 0.315 (4) 


in which the term +0.315 indicates a standard devia- 
tion. Equation (4) can be written in the form: 


Cg = 31.2/P 9-361 2.06) (4a) 


in which the term (> 2.06) indicates the accuracy de- 
rived from the term 0.315 in (4). 


Porosity (P) vs Bar Velocity (V) in Dry Sedimentary 
and Igneous Rocks. 

A relation between bar velocity and porosity may 
be obtained by combining formulae (3) or (3a) with (4), 
and thereby eliminating Cs. It is 


V = 14.89 P-9.307 (5) 


Sometimes it is more convenient to use the reciprocal 
value 1/V, so that 


1/V = (P9-3977/ 14.89) x 1000 (5a) 


The factor of 1000 brings the reciprocal bar velocity 
to units of M s/ft. For porosities of 1, 5, 10 and 15%, 
1/V is 69, 111, 135 and 149Ms/ft, respectively, or V 


is 14.5, 9.0, 7. 4 and 6.7 kilofeet/sec. 

The Formula (5a) is presented in Figure 5 as 
curve (5a), and is applicable to both dry igneous and 
sedimentary rocks. From Wuerker’s Tables it is also 
possible to indicate directly an empirical relation 
between porosity and bar velocity, or reciprocal bar 
velocity, for dry sandstones (sedimentary rocks). In 
Figure 5 this is indicated by a number of points, and 
curve (5b) approximately fitting these points. Curve 
(Sb) may be represented by the empirical formula: 


1/V = 1000 (P 9-249/13.83) (5b) 
for porosities less than 16%. 
30 
20 
{= 
/ 
/ 
(5b (a) 
(5a) 
| 
| 
/ 
0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 
RECIPROCAL VELOCITY, MS/FT 
FIG. 5 Porosity vs reciprocal velocity. 


It may be observed that, although derived from 
different data, curves (5a) and (5b) are very similar. 
With a porosity of 10 percent, the difference in velo- 
city is about 400 ft/sec. if formula (5a) is replaced 
by (5b). 

Formulae (5a) and (5b) are valid for dry sedi- 
mentary rocks for the porosity range less than 16%, 
except for very low values of P, say, lower than 
P =0.5%. The reason is that, if in (5a) and (5b) P 
approaches zero, V becomes infinite. 

For comparison, Curve (5c), which is fitted to 
data indicated by small triangles on Figure 5, is 
taken from Wyllie, Gregor and Gardner, 1958. The 
velocities used are so called ‘‘terminal’’ velocities, 
that is, the maximum velocity which can be recorded 
in a tested cylindrical specimen by applying an in- 
creasing directional pressure while the specimen is 
saturated with brine. 

A pre-requisite is that the specimen should not 
crush under the unidirectional stress; in other words, 
the rock frame should remain intact. If the specimen 
does crush, the ‘‘terminal’’ velocity must be inferred 
by extrapolation (see original article by Wyllie, 
et al, 1958). The specimens consisted of porous 
sandstones. 

Curve (5c) indicates that a porous rock under 
stress in liquid shows a considerably higher 
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transmission velocity than dry unstressed rocks. This 
may be explained by a general tightening of the rock 
frame and by a closure of the small cracks and frac- 
tures in the rock frame. The increase in transmission 
velocity by the application of stress, and saturation 
with brine as derived from curves (5a) and (5c) is in- 


dicated in Table I by values of A V for different 


porosities. 


TABLE I 
AV 
Porosity P (See text) in 
in % ft/sec 
0.5 0 
2.9 7300 
5 7800 
10 7350 
15 6650 


It will be noted that AV increases very steeply 
for porosities from zero to 5 percent, and decreases 
with porosities from 5 to 15 percent. It is at present 
not certain whether the maximum for AV near 5 per- 
cent is real, and if so, what physical significance it 
has. 


Porosity (P) vs Poisson’s Ratio (c) 
An attempt was made to correlate Poisson’s 


Ratio, as given by Wuerker’s Tables, with the poro- 
sity of dry rocks. Although the spread of the data is 
large, group averages show the trend that with low 
porosities. The Poisson’s ratio is higher than with 
high porosities in dry rocks. 


TABLE I 
orosity range Approximate Approximate range’ 
in % Average of Poisson’s 
(P) Poisson’s Ratio Ratio(c) 
0-2 0.2 — 0.25 0 —0.3 
2-5 0.1 —0.15 0-—0.2 
—15 0.05 0-0.1 


This is illustrated in Table I]. Confirmatory data 
and opinions may be foundin the literature. For in- 
stance, Baule and Muller, (1956) state — ‘‘In testing 
a certain rock type Young’s modules E and Poisson’s 
Ratio both decrease with increasing porosity. Both 
values change in the same direction. Also, low values 
for E correlate with low values of Poisson’s Ratio, 
and vice versa.” 

From theoretical considerations, it is known that 
for a long slender bar whose diameter is less than % 
of the wavelength of the energy being used for the 
measurements, the bar velocity is related to the bulk 
velocity (Vc), sometimes called the constraint velo- 
city, by the expression 

1-o 
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Table II] shows how F varies with o 


TABLE II 

o F 

0 0 
0.05 1.003 
0.1 
1.052 
Ors 
0.4 1.462 | 


If it is true that in porous dry rocks, with poro- 
sities ranging from 5 to 15%, the Poisson’s Ratio 
ranges from 0 to 0.1 (with an average Poisson’s Ratio 
of 0.05), then it may be expected that numerically the 
bulk velocity in these rocks is about the same as the 
bar velocity. At the most the bulk velocity is 1.2% 
higher than the bar velocity (see Tables II and III). 

For porosities of 2% to 5%, the bulk velocity is 
about 3% higher than the bar velocity; at the most it 
is 5%. For porosities of less than 2%, the bulk velo- 
city may be 5% to 16% higher than the bar velocity. 

Summarising in general terms, it may be said that 
in porous dry rocks the bulk velocity practically 
equals the bar velocity, whereas in solid, non-porous 
dry rocks (porosity lower than 2%) the bulk velocity 
is between 5% and 16% higher than the bar velocity. 


CONCLUSIONS 

An analysis of Wuerker’s Tables discloses that 
empirical relations can be found between rock para- 
meters. In some instances the degree of accuracy in 
the relations is not very great, and the data not very 
complete. However, this is only to be expected be- 
cause the data is derived from many sources, and the 
methods employed may have varied for the different 
investigators. 

It should be pointed out that the derived empirical 
relations are only applicable to dry rocks. Geologi- 
cally speaking, it means that the empirical relations 
can only be used for rocks above the water table. 
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FLOTATION OF CORUNDUM 


AN 


ELECTROCHEMICAL INTERPRETATION 


ABSTRACT: 


pH effectively regulates the flotation of corundum through its control of the 
surface charge. Since collector tons function as counter ions in the double 
layer, the collector must be anionic when corundum is positively charged and 
cationic when it 1s negatively charged. Even a long-chained xanthate will 
float positively charged corundum. Association of the hydrocarbon chains of 
the adsorbed collector tons gives rise to increased adsorption and increased 


rate of flotation. Because of this phenomenon, neutral organic molecules aid 
flotation although the unionized collector cannot promote flotation independ- 
ently. NagSO4 was found to depress the flotation of corundum with anionic 
collectors through ionic competition whereas the same salt activates 
corundum for flotation with cationic collectors. A close connection between 
ion association, electrokinetic behavior, and floatability is suggested. 


As part of the increasing interest in the physical 
chemistry of flotation, strong experimental evidence 
has been obtained which indicates that organic ions 
are adsorbed as counter ions by non-metallic oxide 


minerals mainly because of the electrical forces which 


exist at interfaces‘!-3). Thus flotation of such miner- 
als without activation should then be appreciable only 
when the mineral and the collector are oppositely 
charged. Since only limited work has been reported 

on the effect of surface charge upon flotation behav- 
ior'3), this general hypothesis on the flotation of in- 
soluble oxide minerals has not been tested thoroughly. 
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Investigating the flotation of a mineral for which ex- 
tensive electrokinetic data exist yields a way to test 
this hypothesis more extensively. 

The electrokinetic behavior of corundum in solu- 
tions containing both organic and inorganic electro- 
lytes has been studied quite thoroughly ‘2>4), Electro- 
kinetic measurements have shown that in the case of 
corundum, simply by controlling pH the solid surface 
can be charged either positively or negatively. For 
this reason corundum was chosen for study. The ob- 
ject of this paper is to present a study of the flotation 
of corundum and to explain the results in the light of 
our knowledge of adsorption mechanisms gained from 
streaming potential investigations. This paper is con- 
cerned mainly with the effect of surface charge on 
flotation with anionic and cationic collectors, but in 
addition such flotation phenomena as collector hydro- 
lysis, Van der Waals attraction between hydrocarbon 
chains, ionic competition, and activation are discuss- 
ed. While the present paper is confined to a reporting 
of the data obtained and some of the more immediate 
conclusions, it will be seen that the results, in com- 
bination with those on other systems, do promise a 
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basis for a critical evaluation of the role of the elec- 
trical double layer in the flotation of insoluble oxide 
minerals. 


BASIC PRINCIPLES 


A solid in water generally carries a charge on its 


surface, and this charge, together with the counter ions 
required for electroneutrality, constitutes the electrical 


double layer. The layer of counter ions adjacent to the 
surface (the Stern layer) is strongly held through 


coulombic, chemical, or Van der Waals forces, whereas 


the remainder of the counter ions are weakly held only 
by coulombic forces and constitute a diffuse layer ex- 
tending out into the liquid. Two electrical potentials 
are important in these systems: 1) the surface or total 
double layer potential Wo, and 2) the zeta potential 
which is assumed to coincide with the Stern plane. 
Ions which give rise to the surface charge and fix the 
value of W, are called potential-determining ions. For 
corundum, H* and OH are potential-determining 
ions'2), and experimentally Y, has been found to be 


Ww, = 59 (9.4 - pH) mv (1) 


Thus, the iso-electric point of corundum exists at 

pH 9.4 and the surface is positively charged below 

pH 9.4, negatively charged above pH 9.4. Since all 

other ions including collector ions are counter ions, 

flotation should be appreciable only when the collect- 

or and the mineral surface are charged oppositely. 
Recent experimentation has shown that conditions 

at the solid-liquid interface can be correlated directly 


( 


low, most of the collector ions will be in the diffuse 


with flotation’), When the collector concentration is 
part of the double layer, and these ions must be re- 
sponsible for flotation, the rate of which is low. For 
rapid flotation, the concentration of ions adsorbed in 
the Stern layer must be appreciable, a condition which 
can be brought either by increasing the collector con- 
centration in solution or by increasing y,. 

Not all counter ions, however, are charged oppo- 
sitely to the surface, and as a result limited flotation 
might occur at low surface potentials even when the 
solid and collector ions are charged similarly. Quan- 
titatively, considering the diffuse double layer, the 
ratio of anions to cations o£/a+4 can be evaluated 
as a function of the zeta potential from the relation‘°) 


[exp (y/2) -1] 


Lexp (-y/2)-1] 


(2) 


where y =e C/kT for monovalent electrolytes, e is 
the electronic charge, k is Roltzmann’s constant, and 
T is the absolute temperature (when ¢ is 25 mv, vais). 
The ratio of anions to cations in the diffuse part of 
the double layer has been calculated with Eq. 2 for 
various values of € (see Table I). As Table I shows, 
a considerable number of counter ions charged simi- 
larly to the surface are present in the double layer 
until the zeta potential approaches 100 mv. 
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TABLE I 


Calculated Ratio of Anions to Cations in the Diffuse 
Part of the Double Layer for Various Values of é 


C, mv C, mv 
0 1 0 1 

€ 25 2 - 25 0.50 

+ 50. 3 - 50 0.33 

+ 100 i - 100 0.14 

+ 150 20 - 150 0.05 

+ 200 55 - 200 0.02 


Considering the adsorption of long-chained col- 
lectors as counter ions, not only coulombic forces 
but also Van der Waals attractive forces between hy- 
drocarbon chains are responsible for adsorption. The 
hydrocarbon chain enters into the adsorption process 
only where the collector ions are most concentrated, 
namely the Stern layer adjacent to the surface. Since 
rapid flotation depends upon extensive adsorption in 
the Stern layer'3), this phenomenon is of real impor- 
tance. The concentration of collector ions in the 


Stern layer, cg, is given by the relation'~ 


ve 

Es Co exp 
where Co is their bulk concentration and @ is an ad- 
sorption potential which arises through association 
of hydrocarbon chains. The term @ does not become 
effective until the concentration of adsorbed ions 
reaches a certain critical concentration within the 
double layer, at which point the value of Q' increases 
from zero to approximately 13 kT for a 12-carbon hy- 
drocarbon chain (0 arises because 1.1 kT of energy 
is gained by taking one CH, group out of water). Thus 
as 0 becomes effective, the concentration of collect- 
or ions adsorbed in the Stern layer increases markedly. 
[Those readers who are interested in the details of 
this reasoning are referred to Reference 2 of the 
Bibliography. 

Since adsorption phenomena depend upon the 
electrical potentials at interfaces, streaming poten- 
tial experiments have proved valuable in understand- 
ing the adsorption of long-chained ions. In the case 
of corundum, such experiments have demonstrated 
that dodecyl sulfate ions (RSO,>) begin to associate 
at the surface at pH 6.5 when the bulk concentration 
of sodium dodecyl sulfate is 10-M, Lowering the 
pH to 4 increases the positive charge at the corundum 
surface and thereby increases the adsorption of 
counter ions. Experimentally, adsorbed RSO, were 
found to associate at the lower bulk concentration of 
10M. At pH 11, NaCl and sodium dodecyl sulfate 
affect [ in an identical manner, and consequently the 
counter ions must have been identical (i.e. Na*) for 
the negatively charged solid. Under these conditions 
negative collector ions are essentially absent. 

At pH 6.5 the cationic collector dodecylammonium 
chloride behaves like NaCl at the surface of positive- 
ly charged corundum, and the counter ions therefore 


must have been Cl’ in each case with the adsorption 
of dodecylammonium ions being nil (2), However, at 
pH 10 when corundum is negatively charged, the ad- 
sorbed collector ions begin to associate markedly at 
a bulk concentration of 10°4M and at pH 11 at 

2x 10°°M. The effect of cationic collectors there- 
fore is just the opposite of anionic collectors. 

Streaming potential experiments have shown that 
organic molecules play a role in adsorption at inter- 
faces'2), Unlike solutions of sodium dodecyl sulfate 
where only ions are present, solutions of sodium 
laurate contain lauric acid molecules. Because of this, 
adsorbed laurate ions associate at the surface when 
the bulk concentration is about half that required by 
sodium dodecyl sulfate since an uncharged molecule 
adsorbed between laurate ions reduces the repulsive 
force between the adsorbed ions. 

Since collector ions are adsorbed as counter ions, 
the presence of other ions in solution should decrease 
their adsorption through competition for sites in the 
double layer. When two monovalent ions are present 
in solution, the composition of the double layer (i.e. 
the diffuse layer) is given by ©) 

x] Cc] 


(4) 


x2 c9 


where xj and xg are their concentrations in the double 
layer, cy and cg are their respective bulk concentra- 
tions and k is a constant. However, for systems in 
which one of the ions has a strong affinity for the sur- 
face, the composition of the double layer will be 
largely in favor of those ions. This will be the case 
for organic ions under conditions where @' is active. 
Also this will be the case for multivalent inorganic 


(4), 


The experimental part of this paper will show how 


counter ions, which also are strongly adsorbed 


these phenomena which affect collector adsorption 
also affect flotation. 


EXPERIMENTAL METHOD AND MATERIALS 


Synthetic sapphire manufactured by Linde Com- 
pany was used in this investigation. The same mater- 
ial has been previously used for streaming potential 
measurements The sapphire boules were crush- 
ed, leached with hydrochloric acid, washed with dis- 
tilled water until free from chloride ions, and finally 
stored under conductivity water until used. A 48/65- 
mesh fraction was used for flotation experiments with 
the modified Hallimond tube. 

Several 12-C anionic and cationic organic elec- 
trolytes were used as collectors: sodium dodecyl sul- 
fate (C) sodium dodecy! sulfonate 
and trimethyldodecylammonium chlor- 
ide which are strong electrolytes; 
and sodium laurate (C, ;H,3COONa), sodium dodecyl 
xanthate (C, 9H, <OCSSNa), and dodecylammonium 
chloride (C,H, sNH3Cl) which are weak electrolytes. 
The pK for dodecylamine is 10.6 and its solubility is 
Dex 102M), whereas the pK for lauric acid is 5.3 
and its solubility is 1.2x 107° m(7), Dodecylxanthic 


acid is a weak acid, but its dissociation constant and 
solubility are unknown. Depending on pH, aqueous 
solutions of all the weak electrolytes will therefore 
contain various amounts of neutral molecules. 

The flotation of mineral particles was quantita- 
tively investigated under dynamic conditions in an 
improved flotation cell based on the concept of the 
Hallimond tube'8; 9), The cell was somewhat modi- 
fied in that a l-cm coarse pyrex frit (maximum pore 
size: 40/1) was substituted for the aerating capillary), 
The cell bottom was also specially designed to keep 
the frit covered with a layer of mineral particles 
during flotation. Such a modified Hallimond tube pro- 
vides a simple and rapid method for quantitative flo- 
tation studies on small amounts of pure minerals. E:x- 
perimental results are highly reproducible since opera- 
ting conditions can be controlled closely. Another 
decided advantage is that neither the collector con- 
centration nor the volume of the pulp changes during 
a test. Since flotation is carried out for a fixed time 
at fixed aeration, percent recovery would reflect 
differences in flotation rates. 

For each flotation test, about a gram of corundum 
was conditioned with a collector at the desired pH and 
concentration in a 100-ml volumetric flask for 15 min- 
utes. The flask was completely filled with solution 
to prevent mineral-air contact prior to flotation. At 
the end of the conditioning period, the mineral along 
with the solution was transferred to the flotation cell. 
No frother was added. Prepurified nitrogen gas was 
fed froma tank through a flow rate meter at a con- 
trolled rate. The bubbles rising through a bed of 
corundum particles, collapsed on reaching the liquid 
surface and dropped the mineral load into the con- 
centrate stem. The intensity of agitation (which was 
quite mild) in the cell as well as the aeration rate 
was maintained constant. Ordinarily a gram of the 
mineral was floated for 10 seconds with a flow rate 
of 32 ml per minute. At the conclusion of a test, the 
flow of- nitrogen was stopped and the concentrate and 
tails were collected, dried, and weighed to calculate 
the recovery. 


EXPERIMENTAL RESULTS 


In this investigation of the role of the electrical 
double layer in flotation, the only variable was the 
liquid composition. In the customary manner, the re- 
sults are presented in terms of mineral recovery as a 
function of pH and collector addition. Because the 
mechanical conditions of the test were constant, these 


data are a measure of relative flotation rates(8> 9), 


Effect of pH. 


Two series of flotation experiments relating re- 
covery to pH were conducted under conditions of 
constant collector addition. For each series, the re- 
covery was determined in the pH range 1-13. The 
first series of curves was determined with sodium 
dodecyl sulfate, sodium dodecyl sulfonate, and tri- 
methyldodecylammonium chloride, and the collector 
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concentration was maintained at 4x 10°°M. An addi- 
tional recovery curve for 10°°M trimethyldodecy]- 
ammonium chloride was also determined. The results 
are plotted in Fig. 1. It is apparent from Fig. 1 that 
corundum does not float with anionic collectors above 
pH 10, and even only slightly at pH 7. Between pH 6 
and 7, however, the flotation rate increases markedly 
and excellent flotation is obtained even at pH 1.2. 
The shape of the recovery curve and the magnitude of 
the recovery is seen to be nearly independent of the 
particular anionic collector. With the cationic collect- 
or at 4x 107M, no appreciable flotation is observed 
at any pH, but increasing the collector concentration 
to 10°°M does bring about conditions under which 
corundum floats rapidly. 


je) 
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ro) 
qT 


=O= 4x 10°M Na 
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FIG. 1 Effect of pH on the recovery of corundum at 
constant collector concentration. Flotation 


time, 10 sec; gas flow rate, 32 ml per min. 
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FIG. 2. Effect of pH on the recovery of corundum at 


constant collector addition. Flotation time, 


10 sec; gas flow rate, 32 ml per min. 


The second series of tests was conducted with 
sodium laurate and dodecylammonium chloride, i.e. 
with collectors which hydrolyze. In both cases, the 
collector addition was fixed at 4 x 10°°M. The experi- 
mental curves for this series are shown in Fig. 2. 
Both these collectors are effective only over a limited 
pH range. Apparently flotation ceases when essential- 
ly all of the collector exists as neutral molecules. The 
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greater effectiveness of dodecylammonium chloride 
(which hydrolyzes) over trimethy ldodecylammonium 
chloride (which does not hydrolyze) is shown by com- 
parison of Figs. 1 and 2. 


100 T T 
80- 4 
60+ 
a L 4 
> 
8 
@ 
Cl 
107 10% Tope rom 
Collector Addition, Mole per Liter 
FIG. 3. Effect of the concentration of various paraffin- 


chain salts on the flotation recovery of corundum 
at pH 6.0. Flotation time, 10 sec; gas flow rate, 


32 ml per min. 


Effect of Collector Addition at pH 6. 


The effect of the concentration of dodecyl- 
ammonium chloride, sodium dodecyl! sulfate, sodium 
laurate, and sodium dodecyl! xanthate on the flotation 
of corundum at pH 6.0 was investigated. The recovery 
is plotted as a function of collector concentration in 
Fig. 3. No corundum was recovered with dodecyl- 
ammonium chloride over the entire concentration range. 
Dodecy! sulfate ions, on the other hand, become high- 
ly effective at a concentration of about 10-°M. How- 
ever, the collectors which are partially hydrolyzed at 
pH 6, i.e. sodium laurate and sodium dodecyl] xan- 
thate, are equally effective at considerably lower 
concentrations. probably due to the presence of union- 
ized lauric acid or dodecylxanthic acid molecules. 
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FIG. 4 


Effect of the concentration of various paraffin- 
chain salts on the flotation recovery of corundum 


at pH 11.0. Flotation time, 10 sec; gas flow rate, 
32 ml per min. 
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Effect of Collector Addition at pH 11. 

Fig. 4 presents the recovery of corundum as a 
function of the concentration of dodecylammonium 
chloride, trimethyldodecylammonium chloride, and 
sodium dodecyl] sulfate at pH11. These data indicate 
that RSO,” have no collecting properties for corundum 
at pH 11, whereas the cationic collectors are quite 
effective under these conditions. Furthermore, collect- 
or solutions containing neutral molecules (dodecyl- 
amine) are considerably more effective in floating 
corundum than the quaternary amine that does not hy- 
drolyze. Actually dodecylammonium chloride is nearly 
ten times as effective as trimethyldode clyammonium 
chloride. This must result not only. from the presence 
of neutral molecules but also from differences in their 
ionic size, the quaternary ion being much larger. 


100 
= 
a 
40h 
rom io? io io? io! 


Concentration of Sodium Dodecyl Sulfate, Mole per Liter 


FIG. 5 Effect of the concentration of sodium dodecyl 
sulfate on the flotation recovery of corundum at 
various pH values. Flotation time, 10 sec; gas 


flow rate, 32 ml per min. 


Effect of Sodium Dodecy! Sulfate Concentration at 
Various pH Values. 


Recovery-concentration curves for corundum in 
solutions of sodium dodecyl! sulfate at pH 4, 6, 9.3, 
and 11 are plotted in Fig. 5. Only pH values which 
can be maintained without buffering could be used 
since extraneous ions in the system cannot be tolerat- 
ed. Observation of these curves indicates that flota- 
tion is totally absent at pH 11 and is only limited at 
pH 9.3 even at the highest concentration studied 
(10-3M). At pH 6, however, flotation rate increases 
rapidly as the collector concentration exceeds 10°°M. 
As may be expected, the curve breaks earlier at pH 4, 
and an equivalent rate of flotation is attained at one- 
third the concentration required at pH 6. 


Effect of NaCl and Na2SO4 on Flotation with Sodium 
Do decyl Sulfate. 


This paper postulates that the collector ions 
which float insoluble oxide minerals such as corundum 
are adsorbed as counter ions in the electrical double 
layer. The presence of other ions in solution which 
might compete for sites in the double layer should 
therefore affect flotation of this type. To study the 
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FIG. 6 Effect of sodium chloride and sodium sulfate on 
the flotation of corundum with sodium dodecyl] 
sulfate. Flotation time, 10 sec; gas flow rate, 
32 ml per min. 
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FIG. 7 Activation of corundum with sodium sulfate for 


flotation with dodecylammonium chloride at 
pH 6.0. Flotation time, 30 sec; gas flow rate, 


32 ml per min. 


effect of such ionic competition on flotation, corundum 
was floated in solutions at pH 6 containing 4 x 107°M 
sodium dodecyl! sulfate and varying concentrations of 
NaCl and NaySO,. The data (Fig. 6) show that both 
Cl’ and sO, are able to reduce the effectiveness of 
flotation, but that divalent SO, are about 100 times 
more effective than the monovalent Cl”. The effect of 
increasing the charge on counter ions is thus well 
illustrated. 


Activation of Corundum with Sulfate Ions. 
It is well known that multivalent cations activate 


negatively charged quartz for flotation with anionic 
collectors like soaps. If, for this type of flotation, 
the activator must be a multivalent ion charged oppo- 
sitely to the mineral and the collector, positively 
charged corundum should be floated with dodecy|- 
ammonium ions if a multivalent anion is present as 
an activator. To prove this hypothesis, corundum was 
floated at pH 6 in solutions containing 5 x 103 M 
Na,SO, with varying concentrations of dodecylammonium 


385 


chloride as collector. The experimental data are shown 
in Fig. 7 together with measurements in the absence 
of Na SO, added for comparative purposes. In this 
case the flotation rate is somewhat slower than with 
an anionic collector at pH 6 since 30-second flotation 
was required instead of the usual 10-second period. 
Still the results provide unmistakable proof that do- 
decylammonium chloride will act as a collector for 
sulfate-activated corundum. 


DISCUSSION OF RESULTS 


A quantitative discussion of these flotation ex- 
periments will not be attempted as a correlation of 
flotation recovery with collector coverage is not 
possible without the availability of accurate adsorp- 
tion data. The flotation tests were specifically de- 
signed to indicate conditions where the flotation 
rate increases rapidly. In the case of quartz, this 
rapid increase in flotation rate has been shown to 
coincide with the increase in adsorption brought about 
by the association of adsorbed collector ions 3). Elec- 
trokinetic studies on corundum have yielded evidence 


of similar association of adsorbed long-chained iong2), 


Effect of Collector Concentration. 


First of all, only organic ions charged oppositely 
to the surface function as collectors. Because of this, 
even a long-chained xanthate is a collector for 
corundum. 

Much evidence exists to support the theory that 
long-chained ions are initially adsorbed as individual 
ions only through electrostatic attraction for the sur- 
face. However, once these adsorbed ions exceed a 
certain critical concentration in the Stern layer, their 
hydrocarbon chains attract each other through Van der 
Waals forces and give rise to an additional adsorption 
force. Streaming potential experiments have shown that 
at pH 6.5 adsorbed RSO, and RSO,” begin to associate 
at a bulk concentration of about 10°°M and adsorbed 
L” begin to associate when their bulk concentration 
reaches 2 x 10°°M. If the pH is lowered to 4, the bulk 
concentration necessary for the association of adsorb- 
ed RSO, is lowered to or M, but at pH 11 this phe- 
nomenon is absent. Similarly RNH,* do not adsorb 
strongly at pH 6.5, but at pH 10 they begin to asso- 
ciate markedly when the bulk addition reaches 10°4M. 
At pH 11, when the surface is more negatively charg- 
ed, this bulk concentration isreduced to 3 x 10°°M. 
I’xperimentally the increase in flotation rate was found 
to correspond to conditions of increased adsorption as 
indicated by streaming potential experiments. 


Effect of pH. 

The marked effect of pH on the flotation of corun- 
dum would be expected since H* and OH" are potential- 
determining ions for corundum. The increase in flota- 
tion brought about by anionic collectors as the pH is 
lowered (or by cationic collectors as the pH is raised) 
results from increased adsorption brought about by an 
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increase in surface charge, together with association 
of hydrocarbon chains of the adsorbed ions. Trimethyl- 
dodecylammonium chloride is an effective collector 
only at high concentrations. Apparently the adsorp- 
tion of quaternary aminium ions is hindered by their 
large size and by the competition of Na’ derived from 
the NaOH added for regulating pH. On the other hand, 
the cessation of flotation with dodecylammonium 
chloride at high pH and with sodium laurate at low 

pH is probably due to the extremely small amount of 
collector ions present in solution. The limited flo- 
tation below pH 9.4 with cationic collectors or above 
pH 9.4 with anionic collectors can be explained by 
the presence of only a limited number of ions in the 
double layer that are charged similarly to the surface 
(see Eq. 1). 


Effect of Neutral Molecules. 


Neutral molecules are important in the flotation 
of insoluble oxide minerals. Observation of Fig. 2 
shows that flotation of corundum with sodium laurate 
ceases at pH 1.2 and with dodecylammonium chloride 
at pH 12.6. Under these conditions, the concentration 
of laurate ions is 10°?M, whereas the concentration 
of lauric acid is 1.2 x 10°°M, and that of CI is 
6 x 10°2M. Similarly at pH 12.6, the concentration 
of dodecylammonium ions is 2 x 10°?M, whereas the 
concentration of dodecylamine is 2 x 10°°M and that 
of Na* is 4x 10°2M. Apparently, even if only a few 
organicions are adsorbed, the uncharged molecules 
associate with the hydrocarbon chains of the adsorb- 
ed ions to such an extent that the surface becomes 
sufficiently hydrophobic for flotation to take place. 
However, when the ionic concentration of collector 
in bulk is sufficiently reduced, flotation ceases in 
spite of the large amount of unionized molecules pre- 
sent. This suggests that the unionized form of the 
collector is not independently effective in promoting 
flotation. 

Collectors that hydrolyze in solution giving rise 
to neutral molecules are more effective than those 
that are completely dissociated. For example, sodium 
laurate and sodium dodecyl xanthate are equally 
effective at one-third the concentration required for 
sodium dodecyl sulfate (Fig. 3). At the inception of 
rapid flotation, dodecylammonium chloride is effec- 
tive at about one-tenth the concentration required by 
trimethyldodecylammonium chloride, whereas under 
100% recovery conditions, the primary amine salt is 
over 50 times as effective as the quaternary amine 
salt. This results from the fact that the solubility 
limit of dodecylamine at pH 11 is rapidly approached 
under these conditions. 


Effect of Ionic Competition. 


The surface charge is balanced by an equivalent 
but opposite charge which constitutes the counter 
ions of the double layer. All ions in the liquid sur- 
rounding the solid compete for sites in the double 
layer as counter ions. Long-chained organic ions 2 


and multivalent inorganic ions'4) both have a stronger 
affinity for the solid-liquid interface than univalent 
inorganic ions. Both NaCl and NaySO4 experimentally 
were found to reduce the recovery of corundum, but 
SO,” are nearly 100 times more effective than Cl. 
This reduction in flotation rate results from these in- 
organic ions displacing the collector ions in the 
double layer. Because of their divalent charge, SO," 
have a much greater affinity for the interface than 
doCl , and consequently Na,SO, is more effective 

in depressing flotation. 


Activation. 

In the preceding paragraph, it'was shown how 
SO, can depress the flotation of corundum with 
anionic collectors. Sulfate ions can also activate 
corundum for flotation with cationic collectors. It is 
well-known that quartz (which is negatively charged) 
can be activated with multivalent cations for flotation 
with soaps. In the present system, corundum does not 
float at pH 6 with dodecylammonium chloride as col- 
lector. However, with the addition of NaySO, to the 
system, excellent flotation is obtained with this 
collector. This results from the divalent anion being 
strongly adsorbed by the mineral creating an excess 
negative charge in the Stern layer, and thus allowing 
an organic cation to attach itself to the site over the 
sulfate ion. Similarly, BaCl, should also act as an 
activator in the flotation of negatively charged corun- 
dum with anionic reagents (this experiment was not 
tried, however). 


SUMMARY 

Since pH controls the charge at the surface of 
corundum, it also controls its flotation. In general, 
when corundum is positively charged, organic anions 
are collectors and when it is negatively charged, or- 
ganic cations are collectors. Thus, even a xanthate is 
a collector for corundum provided its hydrocarbon 
chain is long enough. The hydrocarbon chain of the 
collector gives rise to one of the major forces of ad- 
sorption, and when this force becomes effective, flota- 
tion rate increases markedly. This same phenomenon 


causes collectors which form neutral molecules through 


hydrolysis to be more effective collectors than those 


which do not hydrolyze. Since collector ions function 
as counter ions in the double layer, depression can re- 
sult from competition with other ions. For this reason, 
Na,SO, depresses the flotation of corundum with an- 
ionic collectors. However, this same electrolyte 
(Na,SO,) activates corundum for flotation with cation- 
ic collectors. 

The results of this investigation indicate that in- 
soluble oxide minerals can be separated by flotation 
by finding conditions where the valuable minerals are 
charged oppositely to the gangue minerals. This en- 
tails ascertaining which ions are potential-determining 
ions for the various minerals and measuring their 
iso-electric points. 
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COMBINED GEOPHYSICAL PROSPECTING 
SYSTEM BY HELICOPTER 


The principle of airborne electromagnetic pros- 
pecting is well-known. The basic geophysical texts 
in most cases discuss the main elements involved in 
electromagnetic prospecting. However, there is cer- 
tainly little information available to the public con- 
cerning the present types of airborne electromagnetic 
systems being flown today by both contracting com- 
panies and some of the mining companies which have 
their own instruments. This is unfortunate since it is 
difficult for those people not conducting such opera- 
tions to understand thoroughly the large variation in 
the electromagnetic instruments available. 

Basically, the aerial electromagnetic induction 
method utilizes a primary or transmitting coil through 
which is generated an alternating magnetic field at a 
frequency generally of the range of 100 to 2000 cycles 
per sec. This primary field links with buried conduct- 
ors and generates eddy currents within them. These 
eddy currents in themselves generate a secondary 
magnetic field of the same frequency, but generally 
out-of-phase with respect to the primary field. This 
secondary field is detected above the ground in the 
pick-up or receiver coil which is tuned to the frequency 
of the current applied to the primary transmitter coil. 

One of the main problems in the development of 
an airborne electromagnetic system is that of main- 
taining constant coupling between the transmitting and 
receiving coil systems. Any variations in the coupling 
due to relative motion between the two coils will re- 
sult in an in-phase signal being induced in the re- 
ceiver coil. However, any variation in the coupling 
does not result in an out-of-phase signal change in 
the receiver coil. The first airborne electromagnetic 


| _-R. H. PEMBERTON is Geophysicist, Canadian | 
Aero Service Ltd., Toronto. TP 59L33. Manuscript, 
Jul. 10, 1959. AIME Trans., Vol. 217, 1960. San 
Francisco Meeting, February 1959. 


388 


Roger H. Pemberton 


systems which were developed utilized a large pri- 
mary coil set up on the aircraft with the receiving 

coil being towed behind in a bird, generally at the end 
of a cable of about 500 ft. in length. It is possible 
with such a system to record the out-of-phase or quad- 
rature responses more readily than the in-phase re- 
sponse. One system utilizes a dual frequency method, 
whereby the out-of-phase responses at two frequen- 
cies are recorded. Another system used today records 
a single-frequency out-of-phase response. Recently 
some companies have succeeded in measuring from 
the air both the out-of-phase and the in-phase compo- 
nents. The usefulness of recording in-phase is well- 
known, but unfortunately this is difficult to obtain in 
any towed-bird system. In order to measure the true 
in-phase signal, the most straightforward system is 
that in which both the transmitter and receiver coils 
are affixed in space so that there is little or no rela- 
tive motion between the two coils. 


The particular system which Canadian Aero Ser- 
vice is using at present is mounted on a Sikorsky 
S-55 helicopter (Fig. 1). A record of both the in-phase 
and out-of-phase responses is made at a frequency of 
390 cycles per sec. The transmitter coil is set on a 
boom mounted in the front of the helicopter; the re- 
ceiver is set on a tail boom extending back from the 
helicopter. Separation between these coils is about 
65 ft. The two coils are mounted in a vertical co-axial 
relationship. Having the transmitting coil in a vertical 
plane ensures that maximum coupling will occur with 
vertical conductors rather than flat-lying conductors. 
Having them mounted as they are in a co-axial rela- 
tionship on the helicopter ensures that maximum re- 
sponse will occur when the flight direction is ortho- 
gonal to the strike direction of a given conductor. 

The present sensitivity of the EM system is 20 


FIG. 1 Canadian Aero S-55 
helicopter, showing 
mounts for geophysical 


equipment. 


ppm which is certainly equivalent to that of any other 
airborne EM system being flown today. Depth of pene- 
tration is probably in the order of 350 ft. from the 
helicopter. Surveys are conducted at a maximum height 
of 150 ft., so that penetration beneath the surface of 
the ground is in the order of 150 to 200 ft. 


Auxiliary Instruments: 

In addition to the recording of the electromagnetic 
responses, the variation in the total magnetic field in- 
tensity is recorded with a Gulf Model III Magnetometer. 
The radioactivity is recorded with a Mount Sopris 
scintillation counter. The system is therefore capable 
of recording three types of physical property data, 
namely the conductive properties, the magnetic pro- 
perties and the radioactive properties. 


DATA CONTROL 


In airborne surveying, the general procedure is to 
fly straight and parallel lines. With the helicopter-borne 
system, flying is generally done at one-eighth mile 
spacing. Naturally, it is impossible to keep to the 
exact desired flight line throughout the entire course 
of the survey due to variable winds affecting true 
ground speed as well as vertical and lateral move- 
ments of the helicopter. As the potential fields which 
are measured are strongly dependent on the distance 
from source, the true elevation above ground is record- 
ed continually with a radioaltimeter, and the actual 
flight path is recorded on a continuous strip of film. 
At the termination of each flight, this film is develop- 
ed and the actual flight line is determined by identi- 
fying corresponding points which occur on the con- 


tinuous strip film and the photo base maps. Correla- 
tion between all the data recorded is obtained by the 
use of an automatic fiducial counter which at 10-sec. 
intervals marks fiducials on all the tapes and on the 
film strip. 


APPLICATION OF DATA 


Electromagnetic: 


The electromagnetic data are used to locate con- 
ductive zones within the earth. Many things are con- 
ductive, not all of which are orebodies. Many EM 
sy stems are able to locate some conductors and not 
others, due to the fact that they sample only a limited 
portion of the full conductivity-size band. By meas- 
uring the in-phase and out-of-phase components at the 
low frequency, it is possible to obtain responses 
across the whole of the useful conductivity-size band. 
An estimate can also be obtained of the relative con- 
ductivity of different conductors. In some cases with- 
in a given locality, it is possible to separate the mas- 
sive sulfides from the host rock, should the host be 
conductive, such as is the case for graphitic zones. 
This only holds, however, if there is a sufficient con- 
ductivity contrast between the two rock-types. 


Magnetic: 

Most massive sulfide deposits are both conduc- 
tive and magnetic. The coincident recording of the 
magnetic data on the same record as the EM data 
provides direct correlation between the two sets so 
that anomalous zones which are both conductive and 
magnetic can easily and quickly be assessed and 
picked out. Some of the magnetic responses recorded 
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recorded over massive sulfides have been as low as 
20 gammas, even flying at 100 ft. above the ground. 
Such a feature, if recorded even simultaneously but 
on a different trace than the EM record, would be re- 
cognized only by an extremely careful interpretation. 

Recording of the variations in the total magnetic 
field from a helicopter has certain advantages over 
conventional ground magnetic surveys. These advan- 
tages are, firstly that a continuous profile of the mag- 
netic variations is obtained rather than separate spot 
readings; and secondly, due to the fact that the mag- 
netic measurements are made on a plane removed from 
the surface of the ground, variations in the magnetic 
properties of the materials included in the overburden 
are minimized due to the fall-off in the intensity of 
the field with distance from the source. The magnetic 
variations recorded are therefore more probably due 
to susceptibility changes in the underlying geological 
formations. 


Radioactivity: 

In some areas the scintillation counter is useful 
in deciphering the lithology of the underlying forma- 
tions. This use, however, does not hold for areas 
covered by thick glacial material and some other types 
of overburden. It has been found that the radioactive 
record aids the interpreter in his recognition of many 


swamps and lakes, many of which are slightly conduc- 
tive due to the conductive nature of the clays under- 
lying the lakes and many of the swamps. Over such 
features a marked radioactive low usually occurs, due 
tothe absorption of the gamma radiation by the water 
or overburden material. Where such radioactive lows 
occur in conjunction with broad quadrature EM re- 
sponses, the interpreter can quickly appreciate the 
flat-lying swamp or lake material as being the cause 
of the anomalous EM condition. (See Fig. 2 which 
shows radioactive ‘“‘lows’’ coincident with broad 
out-of- phase response caused by clays underlying 
shallow lake located just east of the Reed Lake, 
Manitoba, massive sulfide deposit.) 


PRESENTATION OF GEOPHYSICAL DATA 


After the editing and synchronization of the vari- 
ous tapes is accomplished, the Brush tapes upon 
which are recorded all the geophysical data are hand- 
ed over to the geophysicist who processes the infor- 
mation. Calculations of the amplitude of both the in- 
phase and out-of-phase components are made in parts 
per million. The ratio of the in-phase to the out-of- 
phase responses is calculated, and the EM informa- 
tion is then corrected for variations in altitude which 
are recorded on the same tape by a radioaltimeter. 
This normalization technique expresses the ‘‘in- 
phase’ peak response in terms of its percentage of 
the theoretical response expected over the mid-point 
of a vertical dike of infinite conductivity from the 
same altitude. Also provided is a normalization mech- 
anism which compares anomalies in a relative numeri- 
cal sense, largely eliminating the masking effects 
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ascribed to variations in depth. The ‘‘half-peak’’ 
width of each in-phase response is then measured and 
plotted in its correct position along the flight line. 
This ‘‘half-peak’’ width represents the upper limit of 
width for narrow dike-like bodies and the actual width 
for broad ones. Where the magnetic anomaly occurs in 
direct coincidence with an EM response, note is taken 
and the magnitude in gammas of such a magnetic 
anomaly is calculated. This diagnostic information 

is plotted along with the EM properties at the proper 
point on the flight line. 

In addition to recording the magnetic variations 
on one of the channels of the Brush recorder with the 
EM results, the magnetic signal is also recorded on 
the normal 10-in. rectilinear Gulf recorder. Compila- 
tion of the magnetic results into contoured isomag- 
netic maps is therefore possible. Such a map, when 
overlaid with the plotted EM results, lends valuable 
information to the interpretation of the surveyed area. 


RECORDED RESULTS OVER KNOWN CONDUCTORS 


Vertical Tabular Structure: 


Fig. 2 shows the in-phase and out-of-phase re- 
sponse curves which have been computed for a verti- 
cally dipping dike-like conductor. These responses 
vary with conductivity, permeability, size of the con- 
ductive body and frequency used. It is the first para- 
meter, namely the conductivity of the body, about which 
we are primarily interested in obtaining information. 


Response vs conductivity. Electromagnetic in- 


phase is shown in the center pattern; electro- 


magnetic out-phase in the bottom pattern. 


In order to translate the graphical explanation of 
these responses to concrete examples of how they 
appear on the actual recording tapes, three conductors 
of varying conductivity are shown beneath the graph. 


ag 
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The left-hand example is a record of the in-phase and 
out-of-phase responses obtained over a shallow lake 
underlain by conductive clay-beds. This lake is locat- 
ed in the Reed Lake Area of Manitoba, and it is to be 
noted that this conductor is extremely weak, as evi- 
denced by the fact that although there is a broad out- 
of-phase response, no in-phase anomaly was recorded. 
Thus the ratio of the in-phase to the out-of-phase re- 


sponse is extremely low. 


The middle conductor has approximately a 1:1] 
ratio and is the response recorded over the Stall Lake 
massive sulfide deposit presently being developed by 
Hudson Bay Mining and Smelting Company in Manitoba. 

The EM record shown on the right was recorded 
over a barren pyrite-pyrrhotite body located in the 
Chibougamau area of Quebec. The body here is highly 
conductive as evidenced by the fact that no out-of- 
phase response was recorded but a very good in-phase 
response was obtained. Thus the in-phase to out-of- 
phase ratio is very high and is explained graphically 
by a conductor whose conductivity in mho per meter 
would lie to the right-hand side of the gra graph. 


Massive Sulfide Area: 


The three records shown in Fig. 3 were obtained 
over a massive sulfide zone located in the Reed Lake 
area of Central Manitoba. The sulphide zone consists 


of near massive pyrrhotite and pyrite with scattered 

specks of chalcopyrite and sphalerite in a silicified 

and generally chloritized gneiss. The sulfide zone 
strikes roughly north-south and lies approximately 

600 ft. west of the western shore of a fairly large 

shallow fresh-water lake. The three records above 

were obtained along east-west flight traverses flown 
at approximately 330 ft. line separation. The record 
shown on the left-hand portion of Fig. 2 was the 
northernmost traverse; the others (central record and 
right-hand record) were obtained along lines flown at 

300 ft. intervals progressively across the southern 

striking part of the zone. 

These three records illustrate four important 
points: 

(a) The sulfide zone is an excellent conductor, hav- 
ing an average in-phase to out-of-phase ratio of 
better than 3:1. (Note the sulfide zone directly 
underlies the peak of the large in-phase responses.) 

(b) The records show that the zone is characterized 
by only an extremely weak or low magnitude mag- 
netic anomaly. On the northernmost traverse, the 
magnetic anomaly occurs as only a small inflec- 
tion on the western limb of a large magnetic 
“‘high’’. Its order of magnitude here is perhaps 
only 15 gammas (one small division on the record 


chart). The next two traverses show that the zone 
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FIG. 3 


Reed Lake massive sulfides. Pattems, from top to bottom, are electromagnetic in-phase, 
electromagnetic out-phase, magnetometer and scintillation counter. 
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is characterized by a separate and coincident mag- conductivity of these clay beds is extremely 
netic high which is increasing in magnitude from low, as evidenced by the fact that no corres- 
north to south. The obvious conclusion to be drawn ponding in-phase response was recorded over 
is that the pyrrhotite which is known to exist in the lake. 
fairly massive proportions in the sulfide is, how- (d) The bottom traces of each of the three records 
ever, only weakly magnetic. (This variation in the appearing in Fig. 3 are radioactivity measure- 
magnetic susceptibility Properties of pyrrhotite is ments obtained with a Mount Sopris (sodium- 
generally recognized by most exploration personnel iodide crystal) scintillation counter. Each trace 
but often is forgotten quickly.) shows a marked negative depression or decrease 
(c) The broad EM response shown on the out-of-phase in the radioactivity directly under the broad 
trace and occurring to the right of the sulfide re- out-of-phase response caused by the conductive 
Sponse on the first record and to the left on the clays underlying the lakes, This decrease in 
following two, is caused by surface conductors the radioactivity arises due to the fact that the 
associated with the lake lying about 600 ft. east gamma radiation emanating from radioactive 
of the sulfide zone. The conductive material in Sources under the lake is completely absorbed 
this case is undoubtedly the clay beds underlying by the covering lake water. Thus we see that 
the lake surface at a shallow depth. The relative the radioactivity record is useful in Sorting out 
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G.4 Magnetic response vs altitude. Isomagnetic map at left was taken at an altitude of 150 ft. mean terrain 

clearance while map at right was taken at an altitude of 500 ft. mean terrain clearance. Traverse interval 
for the map at left was 1000 ft; for the right, 1320 ft. In patterns below, top is electromagnetic in-phase; . 
center, electromagnetic Out-phase; and bottom, magnetometer, 


some of the uneconomically uninteresting EM con- 
ductors, such as those caused by surface conduc- 
tive layers, from those which are of possible 
economic interest. 


Iron Formation: 


Two isomagnetic maps (Fig. 4) show the airborne 
magnetic results obtained over the same block of 
ground at two different altitudes. The survey flown at 
a mean terrain clearance of 500 ft. and at a 1320 ft. 
line spacing was taken directly from the airborne mag- 
netometer maps published by the Geological Survey of 
Canada. This map shows a large positive 10,000 gamma 
magnetic ‘‘high’’ striking roughly east-west, which is 
caused by a large belt of iron formation striking through 
this part of Quebec. The second isomagnetic map shows 
the airborne results obtained over the same area but 
flown at a terrain clearance of 150 ft. and at a line 
spacing of 1000 ft. As would be expected, the low 
level survey shows both increased resolution of the 
anomalies recorded and higher magnetic amplitudes. 
Note how the 10,000 gamma magnetic “‘high’’ recorded 
at 500 ft. is resolved into a larger number of separate 
magnetic features, one of which has a peak value of 
17,000 gammas — almost twice the former magnitude. 

Of extreme interest is the small but intense mag- 
netic anomaly found in the north-central part of the area 
by the low-level survey. This anomaly has a peak value 
of 3500 gammas above about a 2300 gamma background, 
or a total closure of 1200 gammas. This particular anom- 
aly was completely missed by the first survey. Most 
probably the original survey lines, flown at a spacing 
of 1320 ft., straddled the peak of this 1200 gamma 


anomaly and thus missed much of its anomalous field. 
SUMMARY AND CONCLUSIONS 


The helicopter, outfitted with magnetic, electro- 
magnetic and radioactivity recording equipment, un- 
mistakably represents a very advanced and efficient 
aerial geophysical prospecting tool. The designers 


of this equipment have been successful in overcoming 
a large number of the problems which were encounter- 
ed previously in other airborne geophysical surveys. 
These problems, in the main, have been: 1) the great 
need to be able to obtain responses across the en- 
tire conductivity-size band, 2) the need to have coin- 
cident and simultaneous recordings of both the mag- 
netic and electromagnetic responses on the same 
record, 3) the need for better resolution of the electro- 
magnetic and magnetic results than it has previously 
been possible to achieve at higher altitudes, and 

4) greater control of the positioning of the data so 
that subsequent ground follow-up work on any of the 
recorded anomalies would be at a minimum. 

In spite of these necessary improvements, a num- 
ber of limitations to the employment of this system 
and the interpretation of the recorded data still exist. 
As with any other type of electromagnetic equipment, 
the Canadian Aero/Newmont EM system is still 
only capable of exploring to a finite depth. This max- 
imum depth of exploration figure appears to be about 
350 ft. sub-helicopter. The electromagnetic system 
would therefore be incapable of locating buried con- 
ductors which do not persist to within 200 to 250 fi. 
of the surface. As such it would not be feasible to 
employ this method in areas where the depth of oxi- 
dation is in excess of this figure. This necessarily 
rules out many parts of the Globe, such as most of 
the southwestern States, many of the Caribbean 
countries and other places where the original metal- 
lic minerals have since been oxidized so that they 
presently exist in the form of sulfates, oxides, etc. 

Even in areas such as the Precambrian Shield 
of Canada and other Shield areas where oxidation is 
non-existent or at a minimum, the inherent ambigui- 
ties in the interpretation of any geophysical data still 
exist. It is believed, however, that having available 
three different types of physical property data (i.e. 
magnetic, electrical, radioactivity) aids to an appreci- 
able extent in the resolution of the ambiguities. 
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HISTORY AND DEVELOPMENT OF 
THE SAN MANUEL MINE 
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FIG. 1 


J. F. BUCHANAN is Vice President, and F. H. 
BUCHELLA is Vice President and General Manager, 
San Manuel Copper Corp., San Manuei, Ariz. 

TP 60AU90. Manuscript, Jan. 21, 1960. AIME Trans., 
Vol. 217, 1960. New York Meeting, February 1960. 
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San Manuel mine and plant area. 


LOCATION AND HISTORY 


The San Manuel copper deposit is located about 
45 miles northeast of Tucson. The concentrator, 
smelter, administration building, and other plant 
facilities are located about seven miles southeast of 
the mine area at the new town of San Manuel as shown 


on Figure ] (Sketch). 
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The chief producer in the area formerly was the 
Mammoth-St. Anthony Mining Company, operating the 
Mammoth and Mohawk Mines; located a mile north of 
the San Manuel Mine. These mines were worked in- 
termittently from the 1800’s to 1952. The Mammoth- 
St. Anthony property is now owned by the San Manuel 
Copper Corporation. 

Interest was attracted to the prominent surface 
exposures of the San Manuel deposit because of its 
proximity to an operating mine. There are records of 
claims on the property to 1900, but these early claims 
were soon abandoned. 

The first exploration work of consequence on the 
San Manuel property occurred in 1916, when several 
chum drill holes were put down by a group of mining 
men who had obtained an option. One of these holes 
intersected what is now considered oxidized ore, but 
at that time there was little interest in low grade 
copper deposits and the option was allowed to expire. 

The San Manuel group of claims, which have been 
maintained continuously, and from which the mine ob- 
tained its name, were staked in 1925. These claims 
eventually were acquired by four men who actively 
promoted the property. As a result of their efforts, 
engineers from the United States Bureau of Mines ex- 
amined the property in March of 1943, and recommend- 
eda limited amount of test drilling which was started 
in November of that year. The results were encourag- 
ing, and drilling was continued by the Bureau until 
February, 1945. At that time, 17 churn drill holes had 
been put down with a total of 15,844 feet drilled. This 
exploration disclosed substantial tonnages of ore 
which was mainly oxidized, but which conformed in 
grade to what was subsequently found to be the aver- 
age of the deposit. This was too low-grade for a small 
scale operation, but the possibility that further drilling 
would extend the discovery created considerable in- 
terest in the property. 

In 1944 Magma Copper Company obtained an op- 
tion to purchase the property and started Churn drill- 
ing in December of that year. Magma exercised its op- 
tion on September 17, 1945, and also purchased and 
located additional adjoining claims. All of the property 
so acquired by Magma was deeded to San Manuel 
Copper Corporation, which was organized in 1945 as 
an operating subsidiary of MagmaCopper Company. 

The churn drill exploration was essentially com- 
pleted on March 17, 1948, when No. 1] Shaft was collar- 
ed, and major mine development started in January, 
1953. Mine production began about three years later 
when the undercutting of the first block was started. 
This block was completely undercut on January 23, 1956. 


EXPLORATION — CHURN DRILLING 


The churn drill program initiated by the Bureau 
of Mines was expanded into a grid with holes spaced 
on 400-foot centers along the long axis of the deposit, 
and on 200-foot centers at right angles to the long 
axis. As drilling progressed into the southeastern area 
of the deposit, the vertical ore section was found to 


be relatively higher and of greater width than the ore 
in the northern area, and the churn drill grid was ex- 
panded to a spacing of holes on 400-foot centers 
both along the length and width of the ore deposit. 
Sludge samples for assay and panned concentrates 
for mineral identification were collected at 5-foot in- 
tervals through the mineralized zone. 

The churn drill exploration program was termin- 
ated soon after sufficient ore had been outlined to 
proceed with the underground exploration of the ore 
deposit. In all, 109 holes were completed, and a total 
of 205, 536 feet drilled at a cost of over two and one- 
half million dollars. 


EXPLORATION — UNDE RGROUND 


To confirm the grade of ore indicated by churn 

drilling and to gain first-hand information about the 
mining and metallurgical characteristics of the ore, 
a timbered shaft No. 2 was sunk to a depth of 2068 
feet in the center of the sulfide ore body. The shaft 
also served for the development of the first lift pre- 
pared for mining. 

An underground exploration program was under- 
taken for the purpose of determining the mining limits 
of the Southeast orebody. The 1285 Exploration Level, 
located 105 feet above the planned undercut level, 
was developed to the northeast and southwest of 
No. 2 Shaft by driving 2784 feet of drift approximately 
through the center of the South ore zone. The ore zone 
was then ring-drilled on 210-foot spacings along the 
long axis of the orebody. The drill core (AX) — about 
% inch — was broken into 5-foot samples and the 
whole core used for assay. Sludge samples were taken 
from the first holes drilled but were not found to be 
as reliable as core samples, and this practice was 
discontinued. Cut samples, car samples, and surface 
truck samples checked with the diamond drill core 
samples. Churn drill assays were found to run about 
0.02% lower than other samples, probably due to dilu- 
tion of the drill cuttings. 


DESCRIPTION OF THE DEPOSIT 

Based on an assay cut-off of 0.5% copper, the ore 
blocked out by churn drilling, plus the initial under- 
ground exploration, consisted of 367,624,000 tons of 
sulphide ore at 0.785% copper and 111,876,000 tons 
of oxidized ore at 0.717% copper, or a total reserve 
of 478,500,000 tons averaging 0.769% Copper. 

In cross-section, the orebody is nearly U-shaped, 
with the ‘‘U’’ leaning to the northwest. Consequently, 
the upper part of the ore zone is split into two branch- 
es which, for convenience, are called the North Ore- 
body and the South Orebody. With the exception of a 
small oxidized outcrop, the ore and most of the sur- 
rounding mineralized rock are overlain by post-mineral 
conglomerate that varies from a feather edge to more 
than 1900 feet in depth. The contact of the conglom- 


erate with the underlying mineralized rock is a fault 
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of regional scope, the San Manuel fault, and forms the 
most important structure in the area. (See Figs. 2 


and 3) 
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looking northeast. 
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FIG. 3 Longitudinal section through Nos. 2 and 3B 


shafts, looking northwest. 


The ore consists essentially of disseminated 
chalcopyrite in quartz monzonite and monzonite por- 
phyry. Some chalcocite enrichment is present but ton- 
nage-wise is minor. 

The sulphide ore ranges in depth from 475 feet 
to 2,665 feet. Much of the upperpart of the orebody 
has been oxidized in varying degrees, mainly to 
chrysocolla. The bottom of oxidation is irregular and 
extends from depth of about 400 feet to over 1600 feet. 


PLANNING 

The drifting on the 1285 Level provided ore for 
crushing, grinding and metallurgical tests, and fur- 
nished an opportunity to examine fracturing and esti- 
mate the cavability of the ore. On completion of this 
underground exploration work, adequate information 
was available to proceed with detailed planning of 
the mine and plant. 

In planning, the mine was laid out to be able to 
produce a daily tonnage of 35,000 tons and the reduc- 
tion plant to handle 30,000 tons. The mine andplant 
are now handling about 33,000 tons per day, seven 
days a week, which is about 10% greater than the 
planned production. 

Two mining methods were considered: open pit 
and underground block caving. The open pit mining 
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rejected due to the high stripping ratio of waste to 
ore. This ratio was more than six to one because of 
the deep-seated position of the orebody. The physical 
character of the quartz monzonite porphyry and the 
quartz monzonite ore showed the desired qualities 
for block caving. Actually, the columnar shape of the 
orebody and the large amount of tough capping over 
the ore were features that were not desirable, yet it 
was believed possible to mine the ore in three lifts. 

A representative section of the South orebody 
showed a maximum column of sulphide ore 1,800 feet 
in height, capped with 700 feet of Gila conglomerate. 
Three major mining levels on 600-foot lifts of ore were 
planned to handle the mining operations because of 
the extreme height of the ore column and the irregular- 
ity of the ore outline. Even though the 600-foot height 
of ore seemed high, experience to datehas shown a 
600-foot life of ore overlain by 700 feet of overburden 
is not excessive. 

The east portion of the South Orebody was chosen 
for the first mining area, because it contained a mini- 
mum of oxide capping and would also allow an initial 
production of average grade. It also provided the large 
area deemed necessary to cave the overlying Gila 
conglomerate. This area had two major structural 
faults through the orebody and the capping, which 
were helpful in starting the initial failure of the con- 
glomerate. Also, by starting mining operations in the 
east area of the South Orebody, a systematic retreat 
along the long axis of the orebody from east to west 
could be obtained. This would permit bringing in the 
North Orebody at a later date without interference 
with previously established mining operations in the 
South Orebody. 

A system of panel caving versus “‘checkerboard’’ 
block caving was considered. The checkerboard sys- 
tem was chosen because it would give a greater area 
of influence under the capping, greater production at 
a faster rate, and better flexibility of operation. 

Seven initial large blocks were laid out in seven 
panels following the checkerboard pattern. Each of 
these blocks had virgin ground on its four sides. The 
panels ran right angle to the long axis of the orebody 
and were 210 feet wide with 35-foot pillars between 
panels. It was recognized that these pillars would be 
inducive to much ground weight, but would be required 
to keep side dilution to a minimum. The length of the 
blocks varied from 180 feet to 270 feet. The planning 
was heavily influenced by the concern of caving the 
conglomerate capping; therefore, the initial blocks 
were laid out with a large area. 

A conveyor belt system from the block loading 
chutes to the hoisting pockets for the horizontal un - 
derground transportation of ore was considered in the 
early planning, but the final decision was to use rail 
haulage. Some of the factors influencing the decision 
were the uncertain effect of ground weight on the 
haulage level ground support; the problem of supp ly- 
ing and servicing other operations on the haulage 
level; and also the physical character of the ore as 
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to size, stickiness, etc. 

The rail haulage system was laidout to handle a 
production of 2000 tons per hour, or 12,000 tons of 
ore during the six working hours of an 8-hour shift. 
The design of thehaulage drifts was a compromise 
between the size of the haulage equipment and the 
haulage level ground support. In the design of the 
blocks, both slusher and gravity types were consider- 
ed. To obtain favorable development costs, the area 
which had low ore columns was designated for slush- 
ers and the remaining part of the orebody for gravity 
mining. Underground crushing with larger grizzly 
openings was considered, but was discarded because 
of the high installation expense and because the ore 
appeared to have good fragmentation and might not 
require primary crushing. 

The location of the shafts was determined by 
three main considerations: FIRST, they had to be 
safely beyond the eventual limits of subsidence and 
still be as close as possible to the working areas; 
SECOND, the ore shaft had to be at the proper loca- 
tion to facilitate surface handling of ore to plant; 
THIRD, the supply and man shafts had to be located 
to give the least interference of men and supply with 
ore movement both on the surface and underground. 


These requirements were met by laying out the service 


shafts to the northwest and the ore hoisting shafts to 
the southwest of the orebody. The cross-sectional 
area of the shafts had to be large enough for intake 
and exhaust ventilation, and large enough to handle 
equipment and material going in or out of the mine. 
The ventilation system was planned to furnish 
400,000 c.f.m. of fresh air to the mine. The air would 
be taken into the mine through No. | and No. 4 Ser- 
vice and Supply Shafts, then put through the 1475 


Main Crosscut and the 1415 Main and Ventilation 
Crosscuts. North of the orebody, near the south end 
of the Main Crosscut on the 1475 Level, the 1475 air 
would pass up a raise to the 1415 Level. After cir- 
culating through the blocks, it would pass down the 
exhaust ventilation raises to the 1475 Level and be 
exhausted through the four main haulage drifts and 
up to 3A and 3B ore hoisting shafts. Currently 
365,000 c.f.m. enters the mine. (Figs 4 and 5) 


TEMPORARY SURFACE FACILITIES 


The first surface facilities installed in the mine 
area were designed to serve the needs of the explora- 
tion program and the preliminary stages of mine de- 
velopment. Wherever possible, these installations 
were planned so that they would become a part of the 
enlarged facilities that would be needed when the 
mine be gan production. 

Surface construction to serve the exploration pro- 
gram began early in 1948 and included a minimum of 
yard levelling and the erection of headframes and in- 
stallation of sinking hoists at No. 1 and No. 2 Shafts. 
Temporary change rooms were constructed; also space 
for sample preparation, diamond drill maintenance, 
and drill core logging. Temporary powder and primer 
magazines were installed; and a temporary warehouse 
was built. The machine shop, electric shop, and lamp 
house were installed in one building; a locomotive 
charging and repair shed, a blacksmith shop, and an 
office building were completed. 

During the early development period, a trailer 
camp, 21 temporary houses, and two dormitories and 
a boarding house were constructed at the mine to 
accommodate the required personnel. 
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FIG. 4 


Plan of 1415 grizzly level, showing ventilation. Arrows indicate direction of air flow. 
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Power for the initial development was supplied by 
a 5500 KW Diesel Power Plant and production require- 
ments by a Utility Company. 

Development was started with 3300 c.f.m. com- 
pressor capacity, and has since been increased to 
17,500 c.f.m. 

A pipe line was laid to bring natural gas to the 
property to supply fuel for the generation of electric 
power for exploration and later a larger pipe line to 
handle mill and smelter requirements. 

Initially water for drilling, industrial and domes- 
tic uses at the mine was pumped from the Mohawk 
Shaft of the abandoned Mammoth-St. Anthony Mine. 
Water storage tanks were installed, adjacent to the 
No. 1 Shaft yard. Domestic water for the mine area is 
now pumped from the barren Monzonite area North of 
the ore zone. 

To prevent surface drainage from entering the 
mine, surface washes leading to the cave area were 
dammed so as to either divert such water around the 
cave through diversion ditches or hold and evaporate it. 


SHAFTS 
Since the beginning of the exploration and devel- 
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Plan of 1475 haulage level, showing ventilation. Arrows indicate direction of air flow. 


opment program early in 1948, five shafts have been 
sunk at the mine, two of which are presently being 
deepened to the second level. To date, a total of 
10,397 feet of shaft has been sunk. 

No. 1 Shaft, located in the footwall on the north 
side of the orebody, was designed to handle muck 
and supplies for level development and to supply part 
of the air needed for mine ventilation. It is a four- 
compartment shaft, supported with steel and concrete, 
equipped with cages and four-ton capacity skips run- 
ning in counter-balance in two of the compartments, a 
manway in the third compartment and the fourth con- 
taining a service cage. 

No. 2 Shaft was supported with standard timber 
sets; it has three compartments, two of which were 
equipped with cages and four-ton capacity skips 
operated in balance, and the third compartment serv- 
ed as a manway and pipeway. The upper part of this 
shaft is now in the cave area, while the lower section 
is protected by a bulkhead and used as an exhaust 
ventilation winze from the second to the first levels. 

Shafts 3A and 3B, located to the southwest of 
the orebody, are the main ore hoisting shafts and are 
also used to exhaust the mine ventilation air. These 
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identical shafts, located at 195-foot centers, are each 
divided into four 6’6”’ by 7’0’’ compartments, two for 
hoisting, one for a manway, and the fourth compart- 
ment for a service cage. The ground is supported by 
steel and concrete. 

No. 4 Shaft is a service, supply, and downcast 
ventilation shaft, providing the principal access to 
the mine for men, mining supplies and equipment. 
This shaft is divided into two 8’ x 14’ hoisting com- 
partments with a semi-circular compartment 3’6’” by 
14’ on each end. The groundis supported by steel 
sets and concrete. 


DRIFTS 


The Grizzly Drifts and Panel Drifts in the area 
first undercut were supported by conventional timber- 
ed sets, circular steel sets, both rigid and yieldable, 
or a combination of the two. In general this support 
proved inadequate and was gradually replaced by 
heavy concrete lining. Today all Grizzly Drifts and 
adjoining Panel Drifts are concreted when driven. 
Concrete linings, while the initial cost is higher, 
have proved to be the most economical for the over- 
all life of the block. These concrete liningshave im- 
proved all phases of the draw operation. Currently, 
heavy areas on theHaulage Level are being repaired 
by lining with concrete. 


DEVELOPMENT AND LAYOUT — FIRST LIFT 


The haulage system was designed to handle 
36,000 tons a day and provide the cross-sectional 
area needed for ventilation. Parallel haulage drifts, 
100 feet apart, provide for one-way traffic, and the 
isolation of drifts by sections for repair. 

Double diamond crossovers, located close to the 
ore hoisting shafts, allow trains to be directed into 
either shaft, and allows choice of retum haulage ways 
for empty trains. 

The haulage locomotives are 23-ton 4-wheel 
trolley-type designed to haul fifteen 12-ton ore cars 
per train. The 12-ton box-type car was chosen tobe 
used with a rotary dump. 

Track gauge is 36 inches. Track is laid in 0.45% 
grade in favor of the load, using 70-pound rail in the 
panel drifts and 90-pound rail in the main haulage 
drifts. Cars are loaded from steel chutes using under- 
cut guillotine doors operated by air cylinders. 

A 3-car rotary tipple over a 1500-ton pocket at 
each shaft receives the ore from the train. 

From the pockets, ore is drawn into 19-ton mea- 
suring baskets which in tum discharge into bottom 
dump skips. 

Hoisting is semi-automatic, with the skip-tender 
actuating each hoisting cycle. The skips run in bal- 
ance allowing one skip to be loaded while the other 
is being dumped. 

Haulage level trafficis directed by a dispatcher 
who isin contact by radio-phone with each and every 


motorman on the level. 


A complete block-signal system covers the en- 
tire haulage level. The block-signal system is operat- 
ed by the motorman who trips a ‘‘brush’’ switch with 
his hand as hepasses under it. 

Draw and haulage operations are coordinated by 
an audio paging system which is used in conjunction 
with the radio phones. The audio-system has speak- 
ers located at all blocks on the 1415 Grizzly Level 
and in all panels on the 1475 Haulage Level. 

The haulage panels for the first mining lift con- 
sist of two or three drifts spaced from 60 to 70 feet 
center to center. The number of drifts and drift spac- 
ing in the panel depends upon block size, pillar 
width, and draw point spacing (Fig. 5) 

The transfer raise system including raise stations, 
from the grizzly level to the haulage level, was de- 
signed to give positive, rapid ore flow from the trans- 
fer raise into the car; allow ample space for car load 
ers and mechanical equipment; and to properly support 
the ground for the life of the raise station. (Fig. 6) 


BOTTOM OF CAP 


BOTTOM 
OF CHUTE 


FIG. 6 


Section through transfer raise station, 


looking north. 


Initial draw point spacing was 17% feet by 17% 
feet or 17% feet by 15 feet. During four years of opera- 
tion, both closer and wider spacings have been tried. 
Today the 17%-foot by 15-foot spacing is considered 
the most practical for present conditions. (Fig. 7) 

The undercut level was established at 20 and 25 
feet above the Grizzly level. (See Figure 8) Exper- 
ience to date favors the 20-foot interval. Draw Raises 
between the Grizzly and Undercut Levels originally 
four feet in diameter and cribbed for the first five feet 
are now driven five feet in diameter, unsupported and 
belled at the top. 

A flat undercut is made by drifting from draw 
raise to draw raise, widening into the pillars then 
blasting out the remaining pillar together with a 6- 
foot round into the back of the widened drift. (Fig. 9) 
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CON TINUED DE VELOPMENT 


With production started in the initial five panels 
5) through 9), development of panels was continued 
east to panel three and in a westward direction at a 
rate necessary to maintain production. Development 
of the North Orebody was started in 1956; first pro- 
duction from that area was obtained in May of 1959. 

Development of the second lift was started in 
mid-1956 by drifting off the existing No. 2 Shaft on 
the 2015 and 2075 Levels. Workings off this shaft 
were continued until the subsiding area destroyed 
the upper portion of this shaft. Deepening of No. 1 
Shaft to below the 1475 Level was completed by the 
end of 1957, and drifting followed from No. 1 Shaft 
on both the 2015 and 2075 Levels. The deepening of 
3B Ore Shaft was started in March of 1958 and sink- 
ing was completed to a depth required for second 
level production in March of 1959. (Figs 10 and 11) 

No. 4 Man and Supply Shaft has currently been 
deepened to the 2075 Level. This was accomplished 
by a Pilot Raise driven from the 2075 Level, which 
was then enlarged by sinking on the raise to the 
standard cross-section of the already completed shaft 
to which it was connected. 


The 2015 Grizzly Level and the 2075 Haulage 
Level are planned similar to those of the first lift, 
except that each mining panel will consist of two 
Haulage Panel Drifts on 70-foot centers. It is now 
planned that haulage drifts in and under the mining 
area will be supported by concrete as driven. 

Very weak ground in areas supported by timber 
or timber and steel will be stabilized by grouting. 


DRAW PRACTICE 


Draw from the initial stopes (7-1, 9-1, 6-2, 8-2, 
and 5-3) was slow, mainly hampered by poor fragmen- 
tation. As caving progressed and the weight of the 
subsidence was felt, fragmentation grew progressively 
better; also, grizzly spacing has been gradually in- 
creased from 10 inches to 12% inches. 

Draw control at San Manuel, in general, follows 
the practice in other underground caving mines. The 
initial draw is heavy as San Manuel Ore caves readily. 
Following the fast initial draw, the general practice 
is to draw 18 inches per day, although no fast and hard 
rule is applied. Individual draw points are permanently 
sealed on grade. The amount of dilution that can be 
justified depends mainly on the grade of ore being 
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Plan of 2075 haulage level. 
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drawn: the higher the grade the more the dilution; the 
lower the grade the less dilution. 

Uniformity of draw is stressed and controlled, 
and isthe responsibility of the Stope Engineer work- 
ing under the Mine Superintendent. 

San Manuel production is shown in the following 
table: 


199 
7-1/3 Months 
1956* 1957 1958 To 8/10/59 
Copper, 78,152,140 119,797,769 149,401,672 92,387,272 
pounds 
Molybdenum 591,970 1,452,080 1,872,450 1,411,913 
sulphide 
Silver, ounces 136,074 200, 301 253,858 158,907 
Gold, ounces 9,719 13,578 16,868 10, 306 
Ore mined, 5,539,581 8,825,130 11,486,300 7,219,860 
tons 
Average per 
operating day 32,250 33, 271 


*Includes metal recovered from 416,473 


tons of Development Dump Ore. 


SUBSIDENCE AND CAVE 


Undercutting began in Block 7-1 in November, 
1955, and progressed steadily through blocks 9-1, 
6-2, 8-2, and 5-3 by June of 1956. The first indication 


of ground movement on the surface was cracking out- 


side the vertical limits of Block 7-1 on May 7th, 1956. 


Surface cracking continued over the entire undercut 
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Plan of 2015 grizzly level. 


area expanding outward in a patter of ring cracks, 
and by June, 1956, covered an elliptical area roughly 
1800 feet by 1400 feet. 

This area then started settling as a unit mass 
within the ‘‘ 
exception to this pattern occurred over Block 9-1 


ring’ cracks of the elliptical area. The 


when it “‘holed through’’ to the surface on June 16, 
1956. This cracking and sinking pattern of subsid- 
ence continued through to mid-1958, when a maximum 
settling of 175 feet was recorded south of Block 7-1. 
From mid-1958 to August, 1959, some eight inde- 


pendent break-throughs occurred, same over active 
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Subsidence, June 1956. Active stopes are shown 
as numbered block outlines. 
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stopes and others over completed stopes. To follow 
the development of the subsidence, seeFigs. 12 
through 15. 
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FIG. 13 


Subsidence, July 1959. Stopes are shown as 
numbered block outlines. Inactive stopes are 
Nos. 11-3, W10-1, W10-4, W10-5, E10-2, 9-1, 
W9-3, W9-4, E9-5, 8-2, 7-1, 7-2, W7-4, E7-4, 6-0, 
6-2R, 6-2, 6-4, 5-1, 5-3, 4-1, 4-2, 3-1, and 3-2. 
Hole dates are shown by the following circled 
numbers: 1, June 16, 1956; 2, Nov. 20, 1957; 
ot, Oct. Oct. 15, 
1958; 6, Apr. 27, 1959; 7, Apr. 28, 1959; 8, 


Apr. 28, 1959, 9, May 6, 1959; and 10, July 1959. 
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FIG. 15 


ORGANIZATION AND TRAINING 


One of the problems which faced the Company 
during the latter part of 1955 was that of obtaining a 
trained working force capable of operating an under- 
ground mine producing more than 30,000 tons per day. 
The small development organization existing at that 
time formed the nucleus for this new, larger organiza- 
tion. The transition froma development stage to one 
including both development and production had totake 
place in a matter of months. This required the hiring, 
assigning, and training of a large number of men in 
the minimum possible time. Most of this training took 
place on the job and is still being continued. The 
mine staff consisting of clerical workers, engineers, 
and supervisors had grown from a force of 50 in 1955 
to the present 150. The total mine working force has 
grown from approximately 600 men in 1955 to the 
present 1,350 men. Man-power distribution is shown 


in Table I. 


TABLE I 
Mine Working Force 
Man-Power Distribution 
(Average for Month of JUNE, 1959) 


Average Man-Power 
A BC TOTAL 


MINE SURFACE: 


Surface Construction 12 — 12 
Surface Maintenance 65 28 10 103 
Lime & Silica Flux Pits 6 —- — _6 
TOTAL MINE SURFACE DEPT. RY 
MINE ELECTRICAL: 
Elec. Constr. Underground 13) = 13 
Elec. Constr. Surface 4 
Elec. Maintenance (63 
TOTAL MINE ELECTRICAL DEPT. sy 
MINE MECHANICAL: 
Mech. Constr. Underground 16 — 2 18 
Mech. Constr. Surface 23 
Mech. Maintenance 98 21 15 134 
Operating — Compressor House » I 4 
Operating — Pumping & Hoisting 
TOTAL MINE MECHANICAL DEPT. WS) 
MINE UNDERGROUND (1st LEVEL): 
lst Level, 1415 Level Development 8 
Ist Level, 1475 Level Development SOMES 24 
lst Level Stope Preparation 52 53 33 138 
Ist Level Hauling 42 41 41 124 
Ist Level Hoisting 4 4 4 12 
lst Level, 1415 Level Repair 207 1515 50 
Ist Level, 1475 Level Repair 38 32 30 100 
1st Level Block Repair 4 *6 1S 
lst Level Construction 2—- — 2 
lst Level Salvage - 93 
lst Level Track 43 
1st Level Service, Supply, Misc. 2386 220" 
lst LEVEL TOTAL PAV 
MINE UNDERGROUND (2nd LEVEL): 
2nd Level Shaft W@ 32 
2nd Level, 2015 Level Development ¢ 2 23 
2nd Level, 2075 Level Development Dil 9B) ORB 71 
2nd Level Track 14 
2nd Level Concreting 4 4 
2nd Level Forming 2 cee 6 
2nd Level Service, Supply, Misc. ley i 
2nd LEVEL TOTAL 


TOTAL FOR lst AND 2nd LEVELS: 348 294 260 902 
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CONCLUSION merely outlines, in general, the history and gradual 
development of the mine from the time the first 


Many papershave been written covering in detail 
ree 8 claims were staked until full production was reached. 


various phases of the San Manuel project. This paper 
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E. C. STEPHENS 1s Northwest Regional Geolo- 
gist, The Anaconda Co., Exploration Dept., Spokane. 
TP 59H110. Manuscript, Mar. 16, 1959. AIME Trans., 


Vol. 217, 1960. San Francisco Meeting, February 1959. 


E. C. Stephens 


The eastern Washington—Idaho clay region 
stretches along the northeast margin of the Columbia 
basin for 150 miles. The three better known and de- 
veloped clay areas are Clayton, Wash., (2 miles north 
of Spokane); Mica, Wash., (10 miles southeast of 
Spokane); and Moscow-Deary-Bovill, Latah County, 
Idaho (about 80 to 90 miles southeast of Spokane) 
see Fig. 1. 

Clays from the eastern Washington—Idaho clay 
area have been mined for more than 50 years. At pre- 
sent Mica, Washington deposits are used by the 
Gladding—McBean & Co. to make a variety of bricks 
and ceramic products and Latah County, Idaho clays 
are used by the A. P. Green Fire Brick Co. to make 
refractories. 

The Anaconda Co. made an intensive investiga- 
tion of the clay deposits in the northeastem Washing- 
ton-Idaho area in 1919 to determine the existence of 
a supply of raw materials from which alumina could 
be made. The greater part of the work, which included 
systematic drilling and shaft sinking, was concen- 
trated at Mica, Wash. This was part of a research pro- 
ject carried on by the Anaconda Metallurgical Re- 
search Dept. under the direction of Frederick Laist 
and F’. Frick and it was terminated in 1920. 

V. D. Perry, Vice President and Chief Geologist 
for The Anaconda Co., in 1952 assigned the writer 
to make a preliminary study of clay and other poten- 
tial sources of alumina ore in the Pacific Northwest 
with particular emphasis on those deposits which 
might be of future importance to The Anaconda Co’s. 
then new aluminum plant at Columbia Falls, Mont. 


405 


— 
WASH 
Hr e \ 
ST.MARIES 9 ae 
° (| 
DEARY 
IDAHO’; 
2, BATHOLITH: 
wD 
fa 
if 
| 


Besides company data, a vast amount of information 
obtained by the U. S. Geological Survey and the U.S. 
Bureau of Mines during World War II was made avail- 
able through the USGS open files. Other published in- 
formation of the USGS, USBM, and state organizations 
also was utilized. Frederick Laist had the Anaconda 
Metallurgical Research Dept. resume work on clays 
in 1954 and this work presently is under the direction 
of Francis Holderreed and Robert E. Sullivan. Since 
then, Anaconda’s investigation of the clay deposits 
has been concentrated in Latah County, Idaho, and 
has consisted of drilling, shaft sinking, and pit ex- 
cavations, which has provided the department with 
representative samples for testing besides giving 
geological, engineering, sampling, and mining data 
on the individual clay deposits. 


Assay Terms: Those interested in clay as a possible 
source of alumina use certain assay terms, such as 
‘*total’’ and ‘‘available.’’ A total alumina assay, for 
example, shows the percentage by weight of all of the 
alumina in a rock obtained by a usual rock analysis. 
In contrast with this, an available assay is obtained 
from a standardized procedure, such as the one ad opt- 
ed by the USBM. Available alumina is defined (Sohn) 
as, ‘‘the percentage of alumina that is dissolved 

from 2g of clay dried at 130°C, by boiling in 35 ml 
of hot sulfuric acid solution (containing 20 pct by 
weight H)SO,) for 1 hr after the clay is dehydrated 
by calcining at 700°C.”’ Available Fe,0, is also 
reported as a separate assay which involves certain 
empirical procedures and this contrasts with the total 
assay. 

The available—Al,O, assay is, in general, a 
measure of the amount of alumina in rock available 
for 100 pct extraction in a present clay-to-alumina 
process. It is not necessarily the same as recovery, 
which is a measure of the extraction efficiency of 
any given plant. The available alumina assay is a 
way of indicating most of the alumina contained in 
most of the clay minerals of the Kaolinite group and 
the greater part of the alumina in gibbsite or other 
aluminum oxide hydrates. It does not include the 
alumina contained in other aluminum-bearing minerals, 
such as the feldspars andmicas, which are not leach- 
able under the stipulated conditions for this particular 
assay. Similarly, the iron contained in ilmenite will 
show in a total] but not an available iron assay. 


ASSAY AND THICKNESSES OF CLAY DEPOSITS 


The terms high-alumina and high-iron clay de- 
posits are common usage in the eastern Washington- 
Idaho clay area. A high-alumina clay deposit may 
average no more than half the assay of pure kaolinite, 
which is 39.5 pct Al,O4, owing to dilution by quartz, 
muscovite, and other impurities. However, by arbi- 
trary definition, it must have no more than 6 pet 
available Fe,0,4. The average grades of the high- 
alumina clay deposits in thisregion range from 20 to 
28 pct available Al,O., and less than 6 pct available 
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Fe 0g. Particularly high-grade clay units may assay 
as high as 32 to 34 pct available Al,O5 and less than 
6 pet available Fe,0,. Typical high-iron clay assays 
range from 21 to 25 pct available Al,O, and from 16 
to 23 pct available Fe Oz. 

Total Al,0, assays in the clay district usually 
range from 2 to 5 pet higher than available Al,O, 
assays for the same sample. 

Some of the clay deposits may be as thick as 150 
ft, but most of them are from 20 to 70 ft thick. Individ- 
ual units of the better sedimentary-type clays, how- 
ever, usually are from 2 to 15 ft in thickness. The 
thicknesses of granitic clays may be more than 70 
ft and of the basaltic clays, 125 ft. 


GEOL OGY 


The geologic formations of the area may be 
grouped into five broad units; 

1) The pre-basalt, pre-Latah formation rocks which 
include a) quartzites, argillites, schists, etc. of 
the pre-Cambrian Belt Series; b) granodiorite and 
other granitoid rocks, most of which are consider- 
ed to be of the same age as the Idaho and Loon 
Lake batholiths (late Cretaceous?) ; and c) light- 
colored volcanic flows and dark-colored flow 
breccias, which occur in the Deary, Idaho, area 
at Potato Hill and have been assigned either to 
the Permian or early Tertiary by different authors. 
These rocks, however, are of little importance in 
the present discussion and their relationship to 
adjacent rocks has not been determined by the 
writer. 

Rocks of pre-basalt, pre-Latah age contain- 
ing an abundance of minerals which may be 
broken down to clay minerals upon alteration are 
the source of the sedimentary and residual grani- 
tic clays. The distribution of these basement 
rocks, therefore, is of importance in the localiza- 
tion of the sedimentary and residual granitic clay 
deposits of the area. 

2) The Columbia River lavas, most of which are 
basalts considered to be of middle to upper Mio- 
cene age, consist of massive, blocky, vesicular 
and pillow flows and pyroclastics. Interbedded 
with the Columbia River lavas is the Latah for- 
mation, which consists of clays, micaceous sands 
and conglomerates. Some of the Latah units are 
composed of rhythmically thin-bedded lacustrine 
clays commonly containing leaves and other car- 
bonaceous material and typify an accumulation 
formed under generally constant conditions. The 
greater part of the Latah in the clay region, how- 
ever, is composed of arkosic sediments char- 
acterized by cross-bedded micaceous sands and 
channel deposits. Their most noteworthy feature 
is the lenticular form of individual units. The 
arkosic sediments also contain carbonaceous 
material. 


3) The post-clay flows, often called the upper flows 
overlie large areas of the clay deposits and may 


differ in age from locality to locality. 

4. The Palouse formation of the Pleistocene epoch 
is a loess which is a uniformly structureless rock 
and commonly is brownish-gray in color. Some of 
the Palouse formation shows stratification indi- 
cating deposition in water, and in places it was 
deposited on basalt or basalt boulders. The maxi- 
mum known thickness of Palouse formation in the 
clay areas is 114 ft (Canfield-Rogers deposit near 
Moscow, Idaho). Thicker sections of Palouse for- 
mation more commonly are found in the hills of the 
present topography which appear to be largely the 
result of erosional modifications of the original 
land forms. The north sides of most of the present 
hills, which often are steeper than the South 
slopes, show evidence of ‘‘snow plucking.’’ 

Palouse and younger rocks blanket the greater 
proportion of the clay areas. 

5. The post-Palouse formations include Pleistocene 
glacial and terrace deposits and recent aluvium. 


Summary of Geologic History: The complex geologic 
history of the region, prior to the outpouring of the 
Columbia River lavas, includes rocks from pre- 
Cambrian to Miocene in age. The sequence of events 
includes deposition of sediments of the Belt series; 
diastrophism and erosion; emplacement of intrusives 
of the Idaho, Loon Lake, andrelated plutons; erosion; 
extrusion of the Potato Hill volcanics which also was 
followed by a long period of erosion. The result was 
the development of a pre-basalt topography with relief 
of more than 1000 ft. 

During the Miocene great outpourings of Columbia 
River lavas successively filled the valleys along the 
northeastern margin of the province. Large lakes were 
formed by the trapping of run-off waters from the high 
areas to the east and northeast. During the extensive 
interval of Miocene volcanic activity, the local drain- 
age was modified many times, but always within the 
broader framework of the pre-basalt topography. Sedi- 
ments of the Latah formations were deposited in these 
lakes. Sedimentation often was interrupted by volcanic 
extrusions and by the deposition of pyroclastics. Many, 
but not all, of the known clay deposits (both residual 
and sedimentary types) in this region are situated in 
lava embayments. The period was characterized by a 
warm humid climate and substantial weathering pro- 
files were developed recurrently in the basement 
rocks, volcanics and, to a lesser extent, in the Latah 
sediments. 

The interlayered relationship of the volcanics and 
the Latah sediments is well illustrated in a Moscow 
water well 930 ft deep. The drill log, which begins at 
75 ft below the collar, is reported as follows: (from 
top down) 170 ft of basalt; 323 ft of sediments (largely 
sand); 47 ft basalt, which contains a 3-ft sand layer; 
290 ft of sediments containing a large proportion of 
clay; and the bottom 25 ft of the hole which is in 
basalt. 


The formation of the clay deposits was followed 


by an interval of erosion with the development of a 
mature topography. Another widespread eruption of 
lava covered a large part of the ambayment areas. The 
post-clay flows have been called upper basalts, but 
this usage is confusing because the term also has 
been used to designate the later sequence of the en- 
tire Columbia River lava column. It is pertinent to 
note that at the Benson clay deposit in Latah County, 
Idaho, a volcanic flow filled a channel cut in a resid- 
ual granitic clay de posit. Part of the floor of the 
channel contains sand. The bottom part of this flow 
shows pillow structure indicating deposition in water, 
and the lower few feet of the flow, particularly around 
the edges and between the pillows, has been altered 
to clay, whereas the upper part of the flow is fresh. 

Continued erosion followed the last of the suc- 
cession of basalt flows with the development of a 
mature topography. It is upon this surface that the 
Palouse formation was deposited. The Palouse 
blanketed most of Columbia River lava—Latah rocks 
in this region. Since the deposition of the Palouse, 
erosion has modified the surface but outcrops of pre- 
Palouse rocks in the embayment areas are not abun- 
dant. Glacial deposits and Recent alluvium now mask 
part of the Palouse formation. 

Scheid (1950) states that during the Pliocene 
epoch the entire area was uplifted 1000 to 1500 ft 
which resulted in a westward tilt of the basalt surface. 


CLAY DEPOSITS 


The same general geologic settings prevailed 
throughout the entire eastern Washington-Idaho clay 
basin during the formation of the clay deposits. 

The clay deposits in the eastern Washington- 
Idaho area may be classified as: 

1. Residual clays, formed by the alteration of rock in 
place. Thise include: 

a. Basaltic clays which have been derived largely 
from basalts, other volcanics and pyroclastics, 
and 

b. Granitic clays which have been derived from 
granitic, gneissic and various dike rocks. The 
residual granitic clays retain quartz, micas 
and some of the accessory minerals of the 
fresh rock, but the feldspars have been broken 
down into clay minerals and there is little 
evidence of the former existence of amphiboles 
or pyroxenes other than slight iron oxide 
staining. 

2. Transported clays which were largely deposited in 
water, but part of which are colluvial. These are 
interbedded with micaceous sands. 


Mineralogy: The clay minerals of importance for their 
alumina content in the eastern Washington-Idaho clay 
region arekaolinite and halloy site. Nontronite, a 
hydrated silicate of ferric iron, which may contain 
some alumina, is common in the residual basaltic 
clays. V. E. Scheid reports beidellite as a joint fill- 
ing in the Mica area. 
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Samples were collected to determine, among other 
things, the distribution of clay minerals in a given 
vertical section. A number of determinations on the 
fine clay fractions (less than 1 micron) on the Olson 
6 shaft were made and the data is plotted in Fig. 2. It 
illustrates the vertical change in a sedimentary-type 
clay section. 
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FIG. 2 Depth distribution of clay minerals using 


samples from shaft No. 6, Olson clay deposit, 
Latah County, Idaho. Determinations made of 
fine clay fractions, less than ] micron. K is 
Kaolinite; H, Halloysite; N, nontronite; and 
Q, quartz. Data supplied by J. K. Grunig, 
Anaconda Geological Research Dept. 


This relationship was first noted by John 
Hosterman, USGS, who states that in three samples 
of residual granitic clay from Latah County, Idaho 
(personal communication 1956), he found: 

The sample taken from 4 ft below the surface 
contained predominately kaolinite with a minor amount 
of halloysite; the sample from a 35 ft depth contained 
kaolinite and halloysite in approximately equal 
amounts; in a sample from 70 ft below the surface, 
the halloysite was predominant over the kaolinite. 

A sample of residual basaltic clay from a drill 
hole at the Canfield-Rogers deposit at a depth of 145 
ft below the surface contained halloysite as the only 
clay mineral. 


Residual Alteration Effects of Weathering: The thick- 
ness of alteration of the granite, gneisses and other 
basement rocks is as great as 70 ft at the Benson 
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deposit and the lower boundary is gradational. 

Known thicknesses of the residual basaltic clays 
in the eastern Washington-Idaho area are as great as 
124 ft for the high-iron variety at the Olson de posit 
(assaying approximately 22 pct available alumina and 
21 pet available Fe,0,). The thickest known section 
of residual basaltic clay having an assay of more 
than 20 pet available alumina and less than 6 pct 
available Fe.0,, which is classified as a high 
alumina clay, is 56 ft. This section occurs also at 
the Olson deposit. 

Some effects of post-Latah alteration of the 
sediments have been discussed above under “‘Miner- 
alogy.’”’ The arkosic sands contain relatively fresh 
feldspar grains in some of the clay de posits whereas 
at the Olson deposit angular casts of clay suggest 
alteration in place of original feldspar grains. So far, 
no fresh or partially altered feldspar grains have been 
observed in the field at the Olson deposit, but labora- 
tory studies indicate their presence. Fairly fresh 
feldspar grains are found at the Canfield-Rogers and 
at the Mica and Clayton, Wash., deposits. 


Zones of Leaching and Enrichment: Leaching and 
enrichment of alumina apparently is of little signifi- 
cance in the eastern Washington-Idaho clay region. 
Iron, however, is different. The ferromagnesian min- 
erals of the basalts, granites and gneissic rocks 
break down easily and early in the alteration process. 
Iron enrichment is commonly developed immediately 
below the source rock but not always. 

At the Olson deposit, iron oxide minerals form a 
myriad of thin color bands in the sedimentary rocks. 
These undoubtedly were formed long after the clay 
minerals were deposited and during the erosion period 
preceding the deposition of the Palouse formation. 
The color bands, which are yellow, brown, and red, 
may or may not be parallel to bedding. Some are con- 
centric and have concretionary structure. The iron 
minerals, which form the color, have been leached 
and carried away along joints or along cracks in 
brecciated zones leaving up to as much as 1) in. of 
uncolored rock adjacent to the joints or cracks. 
Accompanying the leaching is a deposition of a brown 
waxy mineral (nontronite ?) along the joint plane it- 
self. This leaching apparently is associated with the 
present weathering cycle. 


The breakdown of the ferromagnesian minerals 
during alteration of the basalt may or may not be 
associated with much iron migration, which is depend- 
ent upon drainage conditions. The type of residual 
clay formed—either a high-iron clay or a high- 
alumina clay— is dependent upon drainage conditions. 

A good illustration of iron migration is at the 
Olson test pit, Fig. 3. Here the Palouse formation 
rests on some boulders of basalt and these, in turn, 
overlie a bed of coarse sandstone of the Latah forma- 
tion which contains specular hematite and rusty 
limonitic minerals. The source of the iron oxide 
minerals is interpreted as being the overlying basalt 
from which the iron minerals have been leached and 
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Latah County, Idaho. By W. H. McNair, July 1958. 


redeposited below. The hematite is believed to have 
been redeposited on clay minerals which formed the 
matrix of the sandstone. 

An interesting phenomenon associated with the 
present weathering cycle is the occurrence of myriads 
of interjoining tiny tubular worm-holelike openings, 
many of which are lined or are completely filled with 
a soft brownish wax-like mineral (possibly nontronite) 
and which have a general vertical orientation. These 
extend from just below the soil in the Palouse forma- 
tion and in certain places into the upper part of the 
Latah. The individual tubes range up to 4 in. diam. 


Effects of Post-Depositional Forces and Conditions: 
Post-depositional forces have had little effect on the 
eastern Washington-Idaho clay deposits. There are 
minor settling and slumpage adjustments which are 
particularly conspicuous in the Olson lower clay units. 
The adjustments are evidenced by numerous tiny 
faults, some of which have as much as 2 ft of dis- 
placement. In the basaltic rock there are minor 
amounts of slumpage and local distortion. Typical 
stratigraphic columns are shown on the accompany- 


ing shaft sections, Fig. 4 & 5. 


COMMERCIAL APPLICATIONS 


Commercial development of clays in the area is 


largely for brick-making and tiles. As the area grows 
in population, the ceramic industry should also 
expand. 

Research is being carried on by The Anaconda 
Co. to determine if alumina can be made from the 
Latah County clays on a commercial basis. Research 
is also being carried on by the J. R. Simplot Co. in 
Latah County to make clays having certain specifi- 
cations for ceramic uses and for use in the paper in- 
dustry. Possible utilization of some of the fractions 
of the clay deposits other than clay, such as the 
sands, is being similarly investigated. 


Prospects for the Future: Confidence in the future of 
the ceramic business in the eastern Washington-Idaho 
area by those now in the business is evidenced by 
the large recent capital expenditures for modern plants. 
The area has very large potential clay reserves 
and this has encouraged substantial research pro- 
grams to utilize the clay for making alumina, clays 
for the paper industry and various ceramic products. 
Besides this, attention has been given to utilizing 
possibly important by-products, such as the silica 
which occurs in the sands of the transported clays. 
The great amount of interest in the clay area ai the 
present time is suggestive of further exploitation of 
the resource. The future of the eastern Washington- 
Idaho clay region can be looked upon with optimism. 
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GEOLOGY EAST CHANNEL SAMPLES 
NORTH SAM- TOTAL AVAILABLE |1200F. 
WALL FEET| ELEV./| PLE | INT. Alz03] 
No. 3| Fe2703 Fe703/L.0.1. 
Palouse formation. 
Reddish mic. sand. 
1326 1.4 13.8 12.4 1.7 4.6 
White clay. Scattered quartz, mica. 
1327 4.5 1.4 1.5 
Reddish mic. sand. Some small pods white mic. clay. os 
Very crumbly buff-white mic. clay. PP 1345 1.5 16.0 15.1 1.4 4.8 
Reddish mic. sand. Some clay. Pree HU RCR 19 1346 2.6 10.0 9.2 2.9 3.3 
1/347 | 0.3 | 14.5 13.9 1.8) 
Reddish mic. sand. 3"-12" very hard iron stringers. Salen glehieitie 1386 2.4 3.4 2.8 20.3 ooh 
22.7 +- 2849.3 
1411 3.1 32.0 3S 
Buff grey and white plastic clay. Scattered mica. 25.8 29.3 26 | 10.1 
| 1.0 | 30.0 29.6 | 4.3 | 11.5 
Bands reddish (irr.) buff plastic clay. Scattered mica. 1439 2.1 31.1 30.5 5.7 11.5 
White-pinkish white sandy mic. clay. : 1455 | 2.8 | 26.3 26.1 1.8 9.5 
bands & stks. of red & 1456 28.6 28.2 4.3 | 10.4 
r. clay. Scattered mica. | 35.6 1 2836.4 |4 
36.71 1465 15.8 14.9 3.6 
Irregular buff, br. & white sand & clay. 37.6 + 1466 0.9 10.8 1.5 3.8 
1474 | 1.5 | 8.6 
= 39.1 + 
Buff fine-medium grained mic. cross-bedded sand. fee cores 1475 | 2.5 6.3 5.8 0.9 1.8 
42. 4 
Irregular bands, lenses med.-fine gr. crossbedded Ne 45.6 + 
brown, red & white S.S. | | 79 7.0: 
Buff & grey medium plastic clay. a) 47-0 0 
16285) 32.0 11.3 
Sand, clay mica. _ 49.3 + 
Limonite stained grey and buff clay. 1652 2.8 25.0 24.5 4.4 8.1 
White fine grained mic. sand. J Rotter 1653 1.8 | 28.0 26.9 2.2 8.6 
Medium plastic clay. Large flakes mica. 53.9 2818.1 
y rge flakes mica 54.9 1673 1.0 8.8 2.2 2.8 
Limonite stringers in grey & buff sand. paSIaE Se °° + 56.0 + 2816.0 1674 1.1 15.5 13.7 17.4 7.0 
Buff, grey & red plastic clay. 58.7 1683 yf 30.8 28.4 16:7 | 13:9 
Black carbonaceous plastic clay. Lente 1686 2 32 
4 6 31.4 2.8 | 18.4 
4" cream colored clay. f+ 61.1 + 2810.9 
31.4 | 18.0 
L 63.4 + 
All black carbonaceous plastic clay. Organic sare 64.7 1701 1.3. | 32.0 30.7 1.9 | 21.9 
matter (wood, leaves, etc.) aot 
1714 | 2.3 | 30.7 29.9 
- 67.0 + 
bands white clay. — || 31.6 1.6 | 19.3 
Micaceous gr lastic clay & d te 
ey plastic clay sand, esee 
1724 | 2.3 | 28.1 22.9 4.2 9.3 
Light colored residual basaltic clay. N ae 73.6 + 2798.4 ae 
Blue altered, limonite stained basalt. 
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FIG. 5 SHAFT NO. | 
CANFIELD- ROGERS CLAY DEPOSIT 
LATAH COUNTY , IDAHO 


NORTH 
eee GEOLOGY EAST CHANNEL SAMPLES 
: 
FEET eae NORTH SAM- AVAILABLE 
SECTION WALL FEET | ELEV. | PLE | INT. 
SECTION Al F 
0.0 0.0 -| 2607.0 No. 203 |Fe203 


Soil 
& 23.5 


Palouse Formation 


Coarse sandy mic. clay. | 23.5 + 2583.5 

25.2 4 2169 | 1.5 | 16.5 | 1.47 
2 J Gray mic. plastic clay. ‘ 2170 1.4 24.2 | 1.16 

Gray sand with mica. A little clay. 2175 | 2.0 6.5 | 1.8 

Lt. brown coarse grained sand & mica. Some clay. 28.4 4 
Sand with lenses & thin beds of clay. 

: 34.4 4 2181 | 3,0 _| 6.1 | 1.4 
36.5 _ Gray & tan thin bedded clay with 2184 1.9 22.8 | 2.14 
38.4 - | Brown coarse grained sand. . | 38.4 J 2190 1.4 25.0 | 4.42 
40.9 - Gray FeOx stained plastic clay with numerous 2191 2.5 24.5 | 4.35 

bed 40.9 4 
+ 1/8" sand grains. 
lias 2196 | 2.8 21.3 | 3.14 
| Gray plastic clay with lenses of sand. 2199 | 2.6 27.4 | 3.2 
46.3 46.3: 4 
[bese 3S] Sond with irregular clay lenses. Sea: 2202 | 2.8 | 14.1 | 1.62 
49.1 Plastic clay with irreg. clay lenses. 
50.8 7 Irregular sand lens. 2204 3.0 
4 Gray plastic clay with scattered mica & 2209 Pdf 26.8 |) 2528 
54.8 sand grains. fas 
57.2 - L 57.9 4 2211 2.4 25.4 | 2.04 
Irre lastic & sandy clay. 2215 Zoi 24.7) 2.19 
59.9 2: P 4 : : 
Irreg. lenses & blobs of plastic clay, sandy 59.9 
Pere clay & sand. sas Ie 623 2216 | 2.4 11.9 | 2.04 

Plastic clay with qtz. grains. Some sandy clay. 64.8 8603 PES} 30.6 | 3.46 
67.9 Coarse brown sand. 67.6 8607 1.8 10.6 | 2.06 

Sandy & plastic clay. 8612 | 1.4 | 19.4 | 3.95 
Plastic clay. 70.9 ] 27.2 | 4.48 

Crumbly brown clay. 71.9 | 8618 1.0 29.9 | 3.92 
Plastic clay & sand lenses. 73.8 + 8621 24.2 | 2.98 
76.0 L 769 8624 | 2.2 || 

Massive blue-gray plastic clay. 
l-79.9 L 8627 | 3.0 30.4 | 6.24 
79.0 | Partly decomposed wood. SSS 80.5 ke 8629 1.5 7.56] 2.64 
80.5 Gray to black plastic clay. 8631 11.0 127.3 [1.99 
| 3639 | 2.3 | 23.8 | 1.77 

8641 2.4 17.3 | 1.59 

90.2 F 


Mes! S| —— Lt. gray & It. brown sandy-mic. clay & ilmenite. 


CES) ae, Res. basaltic clay & alt. basalt. 
94.3 Fresh basalt. 


2511.7 


All 


| 
8650 | 3.0 | 16.1 | 3.18 

95.3 | 

| 
|| 
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GROUND MOVEMENT AND SUBSIDENCE 


FROM BLOCK CAVIN 
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FIG. 1 


itive J. B. FLETCHER is Chief Mine Engineer, Miami 
Copper Co., Miami, Ariz. TP 59AU27. Manuscript, 
Nov. 10, 1958. AIME Trans., Vol. 217, 1960. San 
Francisco Meeting, February 1959. 


and resulting surface subsidence, Jan. 1, 1958. Boundaries of orebodies are shown. 


The Miami mine first started o perations in 1910. 
For convenience, the history of the orebody can be 
divided into the following categories (Fig. 1): 
1) 1910 to 1925: 24.4 million tons of high grade ore, 
mined by top slicing, sublevel caving, etc. 
2) 1926 to 1954: 102 million tons of low grade ore, 
mined by block caving. 
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3) 1936 to 1943: 9.8 million tons of mixed ore, mined 
by block caving. 
4) 1955:to date: 23 million tons (expected) of low 
grade #2, mined by block caving. 
Geology: Ore minerals are largely confined to the 
pre-Cambrian Pinal schist intruded by Tertiary 
Schultz granite porphyry and partially covered by 
Quaternary Gilla conglomerate. The area is highly 
faulted and shattered. The Miami fault to the east cuts 
off the ore, and the Pinto fault to the southwest of 
the orebody cause reoxidation of enriched sulfides 
producing mixed ore. The ore is mainly chalcocite, 
with chalcopyrite, bornite, covelite, malachite, 
azurite, chrysocola, cuprite, native copper, and moly- 
bdenite. The ore minerals occur in seams, veinlets, 
and disseminated particles. 
Rock Classification: For simplicity, the orebody can 
be divided into three classes: 1) strong, requiring no 
timbering; 2) medium, requiring timbering; and 3) weak, 
requiring close timbering and repairs. 


HISTORY OF SUBSIDENCE AT MIAMI 


F. W. Maclennan! stated in a paper presented at 
the 1929 AIME Annual Meeting that, in starting block 
caving, the problems were: 

**1) How the ground would cave above the stopes. 

2) Whether in the first stopes caving would encroach 
on the pillar stopes as laid out. 

3) Whether in subsequent mining of the pillar stopes 
waste filling would be drawn from the previously 
caved adjacent stopes.”’ 

Mr. Maclennan reported very little caving outside 
the boundary of the stopes up to the top of the ore, 
due to special care in driving boundary caving drifts. 
Fig. 2 shows the method of mining at this date. 

Fig. 3, E 250 section, shows the only instance 
of movement found in the ore adjacent to stopping 
operations. Crack E records the movement of a few 
inches of the drifts on the various levels. 

Mr. Maclennan concluded his paper by stating that 
the maximum subsidence to date (1929) was 79.4 pct 
of the ore drawn as shown on the FE 250 section, but 
that the average to December 1928 was 2/3°4S of the 
volume of ore removed. 


In February 1930, Mr. Maclennan, in his report” 


2 


<= CORNER\ RAISE 


260° 
CAPPING 


Isometric drawing of 150 x 300-ft stope, 


Oct. 1, 1929. 


on Miami Copper method of mining a low grade ore- 
body, answered two of the questions brought out in 
his earlier paper: 


TABLE J 


Tonnage and Grade Extraction 


Partitions Not Included in Expectancy 


Expectancy Mined Percentage Extraction 
Copper, Copper, Tonnage, Grade, Copper, 

Tons Pct Tons Pct Pet Pct Pet 
Total of 13 completed stopes 11,038,070 1.0260 12,710,378 0.9124 HSS TUS 88.93 102.40 
Best original stope, 2 998,016 1.0388 1,210,424 1.0091 121.28 97.14 117.81 
Best pillar stope, 11 319,560 1.0640 387,827 0.9348 121.36 87.86 106.63 
Poorest original stope, 7 0.8701 98.28 89.48 87.94 
Poorest pillar stope, 9 1,025,032 0.8995 93733 81-28 75.86 
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FIG. 3 


“Up to date 13 stopes have been completely 
drawn. Nine of these were original stopes surrounded 
on all four sides by solid ground and four were pillar 


stopes, two of which were adjoined by broken waste on 


on two sides and one end, and two adjoined waste on 
one side and one end.’’ Table I gives the results of 
mining of the first 13 block caving stopes. 

To continue quoting Mr. Maclennan, “‘The extrac- 
tion of more than 100 pct of the estimated copper con- 
tent of the ore may be due to drawing some of the par- 
tition ore, and to copper not included in the estimate, 
coming from overlying capping or gob.”’ 

““The best pillar stope,* 11, was bordered by 


waste on one end and one side, and the extraction 


from it compares favorably with the best original stope, 


the tonnage extraction being almost identical while 
the grade extraction is 10 pct lower. The poorest pil- 
lar stope, No. 9, was the first pillar stope mined. It 


was 150 x 300 ft in plan, and so much weight develop- 
ed during its extraction that results were far from good. 


The experience gained here resulted in reducing the 
size of the stopes to one half their original size. No. 
11, the best pillar stope, was a one half size stope.”’ 


*The term ‘‘pillar stope’’ as used in this paper refers to a stope 
which is bounded on one or more sides by subsided capping from a 
previously mined stope or stopes. The term ‘‘pillar’’ refers to the 
partitions between stopes. No attempt was made to mine the 7% to 
15-ft pillars. Some of the 30 to 50-ft pillars were mined after the 


adjacent stopes were completed. 


Ae ORE BODY LOW GRADE ORE BODY 


Subsidence sections, Dec. 1, 1928. 


“In drawing the pillar stopes, there is no serious 
trouble experienced from waste drawing in from the 
adjoining previously mined original stopes. It has 
been the experience in the past that the drawing 
spreads very little and tends to pipe up vertically 
once the ore has been broken. This characteristic 
necessitates the close spacing of draw points, but 
at the same time protects the operation from waste 
rock drawing in laterally. The waste capping which 
has settled down into the original stopes becomes 
well packed and consolidated, due to the pressure ex- 
erted by a vertical column of 300 or 400 ft of this 
material, and this waste filling constitutes substan- 
tial side support in mining the pillar stopes. Before 
the first pillar stope, No. 9, was mined, crosscuts 
were driven into the adjoining fill of the original 
stopes | and 2 on the 510-ft level, which is 80 ft a- 
bove the sills of these stopes, and this material at 
this point appeared to be as solid as the original ore 
along the sides of the pillar stope 9, through which 
approach drifts were driven.””? 

In December 1939, R. W. Hughes? reported, 
‘‘Since the presentation by F. W. Maclennan of Sub-_ 
sidence From Block Caving at the New York [AIME ] 
meeting in Febmary 1929, there have been mined an 
additional 34,000,000 tons of ore.’’ Fig. 4 shows the 
area mined and limit of the escarpment and extreme 
cracking on the surface as of July 31, 1929. 

‘‘As mining was extended it became increasingly 
difficult to obtain accurate data on subsidence. This 
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was due to the fact that none of the pit area was safe 
for traveling, and parts of it were seen only from re- 
mote points, due to the extension of the cracked 
boundary. 

“In Mr. Maclennan’s paper of 1929 he stated 
three problems which were unanswered at that time. 
During the past ten years these problems have been 
somewhat simplified. They were stated at that time 
as follows: 

““1) ‘How the ground would have cave above the 
stopes.’ Our experience has been that any difficulty 
in caving has been in starting the first 15 to 20 ft 
overlying the undercut level. From this point to sur- 
face there has been no instance of hang. 

**9) ‘Whether in the first stopes caving would en 
croach on the pillar stopes as laid out.’ This refers 
to the practice of mining 150 x 300 or 150 x 150-ft 
blocks, by a checkerboard scheme, the pillar stopes 
to be mined later. To what extent the original stopes 
have been encroached is still debatable. Certainly 
there is some encroachment as is shown by: 

**A) Consistent overdrawals from the outside 
chutes of original stopes indicating a horizontal drift 
of ore from pillar stopes. 


**B) Pillar stopes found to be structurally weaker 
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Plan showing caved areas and resulting surface subsidence, July 31, 1939. 


than adjoining original stopes indicating stresses 
caused from caving the original stope. 

‘*C) Ore as drawn from the pillar stope is found 
to break much finer than the adjoining original stope, 
which would also indicate stress from caving origin- 
al stope. 

“‘These three facts are considered proof that 
original stopes encroach on pillar stopes, the amount 
probably depending on the presence of slips, faults 
and other structural weaknesses. 

**3) ‘Whether in subsequent mining of the pillar 
stopes, waste filling would be drawn from previously 
caved adjacent stopes. This has been answered 
very definitely. The mining of pillar stopes is con- 
siderably complicated by the waste filling from the 
onginal stopes. The amount of such depends on the 
number of stope sides exposed to waste, increasing 
rapidly with increased exposure. Present practice 
is to mine these pillar stopes by leaving approximate- 
ly 30 ft of peripherical pillar to shut out adjoining 
fill. 

“In comparing the subsidence angles of 1929 
and 1939, it is found that angles have in most in- 
stances flattened considerably. For instance the No. 
250 section went from 50° to 46°, the E O section 
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from 52° to 44°, while the W 250 section dropped 
from 73° to 42°. Sections at right angles to these 
show similar flattening. This is probably due to the 
increased periphery of the pit. During the earlier 
stages of caving, with a smaller diameter ofpit, there 
undoubtedly was a horizontal arching effect tending 
to resist slippage of the pit walls. As the pit grew 
larger, this arching effect was weaker with resultant 
greater tendency to slip. This would hold tme only in 
a roughly circular pit, such as is found at Miami. 
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Marker block travel adjacent to the 
Pinto Fault, July 31, 1939. 


FIG. 5 


“In the section (Fig. 5) showing Marker Block 
Travel Adjacent to Pinto Fault the effect of a major 


slip is shown in relation to ore extraction. It is rou- 
tine practice at Miami to plant 12 x 12in. timber 
blocks in the boundary caving drifts. These are plac- 
ed at 25-ft intervals along the drifts and are marked 
with tags showing the elevation and coordinates of 
each block. All ore is screened through 10-in. grizzlies 
so that the marking blocks are caught on the grizzlies 
and the caving progress of the stope is charted. 

“‘The Pinto Fault is a major feature of the Miami 
orebody, limiting it on the west. Ore occurs in the 
hanging wall schist, the foot wall granite being waste. 
Dip is roughly 45° with many local deviations. Fault 
gouge varies from a few inches to ten feet. 

‘*As shown on the section, stope No. 202, asa 
matter of expediency, was mined prior to the higher 
situated stope No. 207. With the intent of causing a 
movement along the fault, no boundary caving drifts 
were driven along the stope boundary common to 
stopes Nos. 202 and 207. 

“‘That movement was effected is proven by the 
recovery of two marking blocks planted in stope No. 
207 while drawing stope No. 202, their angle of 
travel being 50° and 54°. The additional ore drawn 
from without the vertical limits of the stope cannot be 
measured, but the final results of mining No. 202 stope 
resulted in 163 pct tonnage extraction, while final re- 
sults in No. 207 stope were 55 pct. 

In September 1954, J. W. Still4 reported on min- 
ing operations: ‘‘The original mining scheme on this 
low grade was covered by F. W. Maclennan in AIME 


publication No. 314-A-34, Miami Copper Company 
Methods of Mining Low Grade Orebody issued with 
Mining and Metallurgy, March 1930. 


“Briefly this scheme proposed the mining of a- 
bout 550 to 600 vertical ft of ore in two lifts (720 and 
1000 level haulages) in individual stope units and on 
a full gravity basis. There have been few changes in 
the basic scheme and only the following were of a 
major nature. 

“‘1) Pillars were enlarged from 15 ft on the 720 
lift to pillars either 30 or 50 ft on the 1000 lift. This 
change offered effective protection against dilution 
from adjoining mined-out areas. Mining experience 
has shown that an unknown, but substantial, pillar 
tonnage is recovered through side movement of pillar 
ore into the adjoining producing stopes. 

“*2) Square set control-draw points at the top of 
the grizzly raises were abandoned, the spacing of the 
draw points changed from 12.5 ft center to center to 
16.66 x 18.75 ft and drawing is done from the bottom 
of the grizzly raise (now called the control raise). 
This simplified drawing and maintenance with no ad- 
verse change in copper extraction. 

‘*3) During the war years, due to the shortage of 
men, boundary slice level work was also discontin- 
ued, with little or no change in the copper extraction 
picture apparent.” 

Continuing to quote Mr. Still: ‘‘There was a min- 
ing loss” (at that time) “‘of about 19 pct of the copper 
content. Of this loss, the larger part, or about 81 pct, 
was left in pillars. This represents a sizeable tonnage 
of copper, totaling 163,800 tons of copper metal. 
Leaching of the caved area will undoubtedly recover 
an appreciable portion of this; for since leaching 
started in 1942 (on only a limited portion of the area 
eventually available) some 28,340 tons of copper 
have been recovered. 


SU BSIDENCE AND GROUND MOVEMENT TO 1958 


TAB 


Block Caving To Date 


720 Level Sulfide Orebody * 


Tons in 1000’s Extraction Percentages 
Expectancy Drawn Tons Grade Copper 
Stopes 40,577@0.878 40,522 @0.763 99.87 86.90 86.79 
Pillars 7,130 @ 0.859 
Total 47,707 @0.875 40,522 @0.763 84.93 87.20 74.06 
720 Level Mixed Orebody ft 
Stopes 7,358 @ 1.788 9,791 @ 1.460 133.06 81.66 108.58 
1000 Level Stopest 
Stopes 53,331 @0.749 59,023 @ 0.690 110.67 92.12 101.96 
Pillars 13,866 @ 0.766 1,888 @ 0.704 13.61 91.91 Leo b 
Total 67,197 @0.753 60,911@0.691 90.65 91.77 83.18 
1000 Level Pillars Mined 
Pillars 4,290@0.788 1,888@0.704 44.01 89.34 39.31 


* 7Y% to 15-ft pillars and boundary caving. 
T No pillars boundary caving drift driven except on Pinto fault side. 
£30 to 50-ft pillars with some boundary caving drifts. 
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TABLE Ili 


1000 Level Sulfide Stope Performance 4 
Pct of Total Pct Pct 
Stope Tons per No. of Tonnage Tonnage Pct Grade Copper 
Maintenance Man Shift Stopes Drawo Extracted Extracted Extracted 
Little 300 plus 74 2135 120.06 93.23 111.93 
Average 300 to 100 44, 12:9 111.94 94.27 105.52 
Heavy Under 100 9 _5.6 85.33 85.62 _73.06 
Totals, Averages 65 100.0 111.65 93.39 104.27 
TABLE IV 
Comparison of 720 and 1000 Level Stope Performance ; 
Pct of Total Pct of Pct of Pct of 
Sides Tonnage Tonnage Grade Copper 
Stopes Exposed Drawn Extracted Extracted Extracted 
720 Level Stope 
16 0 3a.3 115.48 92.56 106.89 
17 1 24.4 10152 87.72 89.05 
13 2, 1552 97.47 84.55 82.41 
15 3 16:3 82.28 78.54 64.62 
8 La 10.8 90.84 79.54 72.65 
69 43 * 100.0 99.83 86.79 86.64 
1000 Level Stope 
37 0 65.5 116.67 94.43 110.17 
1 14.5 105.02 96.00 100.82 
14 ys 17.0 103.15 90.24 93.08 
a2; 3 3.0 96.02 86.98 83.52 
65 13.4* 100.0 111.65 93.39 104.27 
* Average perimeter exposure in percent. 
Fig. 1 shows the area mined and limit of the es yg Spt iG 
carpment and extreme cracking on the surface as of apts 
Jan. 1, 1958. Table II is given to bring the block LZ Li 
caving picture up to date. The table shows that the VA; 
best extraction was from the mixed orebody where no 
pillars were left between stopes. However, this ore- 2800 2800 
body was in hard to medium-hard rock. The next best 
extraction is shown in the 1000 level sulfide stopes 
where 30 to 50-ft pillars were left. However, Tablelll, 
extracted from Mr. Still’s paper, gives a further 
breakdown of these stopes. 
The poorest extraction is shown in the 720 level 272 2700 
to here 7% to 15-ft pill , 


level stopes were in medium to weak rock. Table IV, 
also from Mr. Still’s paper,* 
these stopes. 


gives a breakdown of 


GROUND MOVEMENT OBSERVED 
UNDERGROUND AT MIAMI 


With Boundary Cutoff: The early stopes all had 
boundary cutoff drifts which served as observation 
points and in no case did the stopes cave outside a 
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vertical line. In only one case was there cracking out- 
side the stope boundary as shown on the E 200 sec- 
tion. A drift was driven through a completely drawn 
stope 80 ft above the undercut which showed no cav- 
ing beyond the vertical boundaries of the stope. 
Without Boundary Cutoff: All of the later stopes 
on the 1000 level were mined without boundary cutoff. 
In every case where it has been possible to observe 


these stopes they caved inside the vertical stope line. 
In No. 132 stope a drift was driven through the caved 
material and an angle of 83° was found inside the 
stope boundary (Fig 6). The same condition holds 

true in No. 310 stope. 

Caving Next to Broken Ground (Pillar Stopes): 
Stopes next to waste tend to draw from outside the 
undercut limits. Table IV shows how the copper and 
grade extraction varies with the number of sidesof a 
stope exposed to waste. 

The mixed orebody was mined without any pil- 
lars between the stopes. This orebody gave a better 
grade and copper extraction than any of the others. 
The mixed ore was in strong rock. 

Pillar stopes are structurally weaker than the 
original stopes. Where pillar stopes were mined in 
weak ground they were heavier stopes than the orig- 
inal stopes and required a gread deal of repair which 
resulted in a poor draw. Table III shows how the grade 
and copper extraction varies with the maintenance re- 
quired in a stope. 

Individual stopes (1000 level haulage) bordering 
waste have been pulled without dilution from the sides 
being a problem. These stopes have been in firm 
ground with little repairs where the draw could be 
well controlled. 

Caving Next to Pinto Fault: The mixed orebody 
was bounded on one side by the Pinto fault and no 
boundary cutoff drifts were driven on that side. Fig. 
5, showing marker block travel, definitely proves that 
there was drawing outside the stope adjacent to this 
fault. 

Rock Surrounding a Caving Stope: The rock sur- 
rounding a caving block is under stress. This is very 
evident in fringe drifts and extraction drifts under the 
block. The distance from the caving stope that this 
stress is noticeable depends upon the strength of the 
rock. A drift was driven through the caved material in 
No. 310 stope, and that portion located in the firm rock 
adjacent to the stope showed no timber failure 20 ft 
back from the caving ground. The timber in an elevator 
penthouse in weak ground 100 ft from a stope and 75 
ft above the undercut level, failed when the stope 
was mined. After a stope has been mined, the waste 
fill consolidates and the stress in the adjacent rock 
is relieved. Workings can be driven alongside and in- 


to this material. 


SURFACE SUBSIDENCE 


Angle of Draw or Ground Movement Outside Stope 
Boundaries: The attached sections (Figs. 7 and 8) 
show this better than any description. The cave angle 
from the undercut level to the outside crack or move- 
ment averages 45° in both the schist and conglomer 
ate; however, it must be pointed out that this crack 
does not extend from the surface to the undercut. The 
best evidence to show that the ground does not move 
along a 45° shear plane is shown in the open pit at 
Inspiration Consolidated Copper Co. where mining is 
adjacent to block caved stopes. 
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FIG. 7 N 400 section, No. 5 coordinates, showing 


stoped areas and subsidence, Feb. 18, 1958. 
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FIG. 8 


E 800 section, No. 2 coordinates, showing 


stoped areas and subsidence, Feb. 14, 1958. 


The shovels are able to dig the subsided material 
without blasting. At the boundary, or a small distance 
inside the boundary, unbroken rock is encountered and 
has to be blasted. This vertical cutoff, is in some 
cases a slight overhang, between subsided capping 
and unbroken rock can be seen by the differences in 
color of the material. 

The mining boundaries to the northwest of the 
Miami orebody are an assay cutoff, so if the ground 
were broken at some angle outside of the stoping lim- 
its a considerable amount of copper could be recover 
ed by leaching. In 1956 an attempt was made to leach 
this material. Solution was introduced into the cracks 
and along the escarpment north of 17, 50, 32 and 48 
stopes (No. 2 coordinate). The solution worked its 
way under the surface and entered the caved material 
within the above named stopes high up in the column 
and leached the material from the northern portions of 
these stopes. In stope No. 48, which had been leach- 
ed prior to 1956, the solutions from the outside cracks 
entered this stope with no pickup of copper. 

Movement on the Pinto Fault: There was definite 
movement on this fault underground; however, the dip 
of the fault was so close to the average draw angle 
that it gave the same picture on the surface as the 
conventional subsidence. 

Amount of Subsidence: Mr. Maclennan in his 
paper states that the maximum subsidence on No. 250 
section was 79.4 pct of the ore removed, and that the 
average up to 1929 was 66.6 pct. This figure of 66.6 
pet. in general holds true up to date; however, in the 
N 2600 section mining 86 ft of ore at a depth of 870 ft 
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gave a subsidence of 34 ft or a subsidence of 40 pct 
of the ore removed. The other extreme was 256 stope 
which was mined at a depth of 160 ft from the surface 
and pulled to daylight giving a 100 pct subsidence. 

Increase in Volume of Subsided Capping: It is 
evident from observation underground that at depth 
the broken material packs and approaches the density 
of the original material. Owing to the difficulty of 
obtaining an accurate survey of the caving ground this 
figure is very hard to obtain; however, careful meas- 
urements tend to show that the swell varies with the 
depth. The rock at Miami averages 12.5 cu ft per ton 
in place and 20 cu ft per ton broken, or a ratio of 
20/125 = 1.6. Assuming that the broken rock at the 
surface is 20 cu ft per ton and that at depth the rock 
approaches the original density, and plotting the ob- 
served data at Miami, we get an average curve as 
shown in Fig. 9. This is an average curve and indivi- 
dual stopes vary from it, which tends to show that 
the swell also varies with the type of rock. Inspira- 
tion Consolidated Copper Co. is open pit mining ad- 
jacent to block caved stopes and has found an aver- 
age figure of 16 cu ft per ton or a ratio of 16/12.5 = 
1.28 where they have dug in subsided material. 
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FIG. 9 Volume increase curve. Lettered dots: 


A) 16 cu ft per ton used at Inspiration 
Consolidated Copper Co.; B) E 250 sec- 
tion, maximum subsidence, from F. W. 
Maclennan; C) 12 stope subsidence, from 
F. W. Maclennan; D) 312 stope broke sur- 
face; and E) 137 stope. 


Time Element in the Subsidence: The rate of 
progress of the cave from the undercut level to the 
surface depends to a great extent on the strength of 
the rock. It also depends to some extent on the size 
of the stope and the rate of draw which in turn are 
both determined by the strength of the rock. Mr. 
Maclennan states in his paper that No. 12 stope, 
which was in very weak rock, caved the surface 650 
ft above the undercut in 104 days. More recent obser 
vation shows that undercutting from 600 to 700 ft be- 
low the surface in weak to medium rock with a normal 
pull of 9 in. per day will break the surface in 100 to 
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150 days after the stope is undercut. 

No. 137 stope, 870 ft below the surface, did not 
cave to the surface until more than one year after the 
undercut, and not until the adjacent stope began to 
draw. The exact date of the break-through was not 
observed but it was more than one year and less than 
two years after the undercut. It is apparent in this 
stope that the swell of the broken material is ap- 
proaching the amount removed by mining. If the curve 
(Fig. 9) is accurate, 61 ft of mining would just bal- 
ance the swell and there would have been no sub 
sidence; 870 — 61 = 809 ft.; 809 x 1.075 = 870 ft. 

Description of Subsidence: A typical report as 
turned in by the survey party is as follows: 


312 STOPE — SUBSIDENCE SURVEY 


No. 312 stope is located between the N O-S300 
and FE, 108.0-E 258.0 (No. 5 coordinate). The under- 
cut is on the 870 level. The block encompassed by 
the boundaries is 300 x 150 x 600 ft or 27,000,000 
cut ft or 2,160,000 tons. The ore column above the 
undercut level extends upwards to mean distance of 
approximately 250 ft. The actual calculated tonnage 
of this block is 895,330 tons of ore. 

Undercutting of No. 312 stope was completed 
Jan. 8, 1955. Undercutting started at the northern 
end of the stope and finished at the southem end. A 
slow draw followed the undercut. As a result, upon 
completion of the project, 11.0 pct of the ore and 
4.56 pct of the total head had been pulled. 

On Mar. 11, 1955, two holes appeared on the sur- 
face above the stope. These holes were of about the 
same size (20 ft diam). Accompanying these two 
break-throughs were two noticeable ground fractures. 
These fractures occurred 340 and 410 ft from the 
center of the stope and completely encircled it, al- 
though it seemed apparent that the southemmost frac- 
tures showed a greater displacement than at any other 
sector. Movement of | and 2 ft, respectively, was in- 
dicated by the fracture scarps. Underground activity 
charts on this same date showed that 24.06 pct of the 
ore and 9.97 pct of the total head had been drawn. 

A check on April 14 showed that the two holes 
in the surface above the stope had enlarged into a 
more oval shape with dimensions 25 x 40 ft. An en- 
tirely new 30 x 40-ft hole appeared in the southeast 
section of the stope. Fractures between this hole 
and the northernmost hole indicates that one large 
hole is in the making. Measurements of the two frac- 
ture scarps showed a movement (March 11 to April 14) 
of 5 and 7 ft; 340 and 410-ft scarps, respectively. In 
addition ten small fractures had appeared between 
the 340-ft scarp and the center of the stope. The 
downward displacement of this area cannot be meas- 
ured because of the danger of getting too close to 
the caving area, but actual total displacement seems 
very slight. The ore drawn up to this time amounted 
to 33.4 pct of the stope tonnage and 13.85 pct of the 
total block. 


Size of the Mined Block to Cause Surface 


Subsidence: The experience at Miami has been any 
block that can be successfully block caved will cause 
surface subsidence. The minimum size of block that 
can be block caved is dependent upon the strength of 
the rock. In medium to weak rock blocks as small as 
37% x 75 ft have been caved. The only block that has 
not successfully caved to date is 125F - 126 pillar 
which is in hard rock. The dimensions are 37% x 120 ft 
Some of the mixed ore stopes which were in hard rock 
with dimensions of 150 x 200 ft had to be blasted with 


powder pockets above the undercut to start caving. 


MECHANICS OF SUBSIDENCE 


The great number of tension cracks in the sub- 
sidence area and the absence of any observed shear 
planes (except along the Pinto fault) suggest that the 
tensile and compressive strength are the goveming 
factors in subsidence and block caving at the Miami 
mine. Immediately after undercutting a block the roof 
begins to act as a beam and fails in tension on the 
under side and forms an arch which continues to fail 
as the span of the arch is too great for the strength 
of the rock. (The word arch iscommonly used in de- 
scribing block caving but it could be more accurately 
described as a dome.) 


When the arch reaches the capping the crown 
breaks into capping before the haunches, which is the 
major source of dilution in block caving at Miami. This 
dilution is more serious if two or more arches are forn- 
ed in the stope. 

‘“‘Piping’’ is the local term for a small break- 
through to the surface, which is very descriptive of 
what occurs. Piping can and does occur after the en- 
tire stope has broken the surface. This is caused by 
small arches occurring in the broken material and 
working up to the surface. The best preventative of 
piping is a uniform draw. Piping can also be caused 
by too wide a spacing of draw point. 

As the arch approaches the surface there is a 
small sag in the surface which causes tension cracks 
to open up at the outside of the stope limits. At this 
point the collapse of the surface is very rapid and has 
rarely been observed. 

There is considerable evidence that the ground 
surrounding a caving block is under stress, and from 
the observation of the timber failures it is evident that 
there is a small movement of the solid ground toward 
the caving stope. This small movement underground 
causes the halo of tension cracks to form at the sur- 
face. These tension cracks become blocks which fail 
by tipping toward the cave, or in some cases they tilt 
away from the cave, or individual pie-shaped wedges 
will drop into a crack. Mr. John W. Vanderwilt® de- 
scribes the same type of surface failure at Climax, 
which he calls rock-slump androck-slide, or a com- 
bination of the two. He also observed tension cracks 
at depth alongside the caved block. No cracks have 
been observed underground at Miami except in the one 
case mentioned in Mr. Maclennan’s paper. The ab- 
sence of any tension cracks at Miami underground is 


probably due to the much weaker rock. Mr. Vanderwilt” 
mentions the possibility of residual strains in the 
rocks being responsible for the tension cracks but he 
states that the tensile strength of Climax rock is so 
small that the relative sudden release of pressure in 
one direction, as subsidence over a caved block reach- 
es surface, may be sufficient without the aidof re- 
sidual compressive stresses to produce the tension 
cracks. The rock at Miami in general ismuch weaker 
than the Climax rock. 

The rock failure observed outside the caved 
block is a common failure in all materials having co- 
hension where a steep slope, or in this case where a 
vertical break, is encountered. There are times dur 
ing caving when the entire side of a stope from the 
undercut to the surface is subject to stresses. The 
subsided capping and the broken ore do support the 
walls; however, the outside cracks and the escarp- 
ment can be expressed as an angle from the undercut 
proving that they vary with the depth of mining rather 
than with the depth of the unsupported sides of the 
block. The best explanation based on observation is 
that the walls adjust themselves by a bending move- 
ment at depth. On approaching the surface, the bend- 
ing has been transformed to tension which results in 
the observed surface movement. 


Fig. 10 shows stress condition within a caving 


block. 
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FIG. 10 


Stress conditions within a caving block. 


SUMMARY AND CONCLUSIONS 


1) From the observed data at Miami, it can be stated 
that the ground caves vertically or inside the un- 
dercut limits. Although the Miami orebody was 
highly faulted, the only place this affected sub 
sidence was at the Pinto fault which is a major 
fault with from 6 to 12 in. of very slick gouge. 

2) The vertical tension cracks surrounding a caved 
block do not represent shear planes extending 
from the surface to the mining level. 

3) Ground movement does occur outside the caved 
area and the distance that this movement occurs 
varies with the strength of the rock. 

4) A line drawn from the mining level to the escarp- 
ment does not represent a zone of broken ground. 

5) Dilution from capping is an inherent characteristic 
of block caving. There is abundant evidence in 
the drawing records of Miami Copper Co. to prove 
that an irregular draw (whether caused by repair 
problems, packed chutes, hun g transfer raises, or 
any other type of interruption of draw) causes a 
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poor extraction. It is evident that intelligent draw 
supervision is the key to the control of dilution. 
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MECHANISM OF INTERGRANULAR 
COMMINUTION BY HEATING 


In a survey of the effects of heat treatment on 
the comminution of various rocks, it was found that 
unusual size distributions often characterize the 
broken products, and that this is related to a great 
increase in intergranular fracture’. It is the purpose 
of the present paper to contribute to an understanding 
of this effect. 

In a thesis by one of us’, critical consideration 
was given to many mechanisms which could con- 
ceivably be responsible for the increased intergran- 
ular fracture. It was shown that neither gross 
chemical changes nor intergranular corrosion are 
required. Among non-chemical mechanisms the most 
likely appeared to be 

(1) Uneven expansion due to thermal gradients, 
giving spalling 

(2) In a manner similar to that prevailing in 
metals, the appearance at high temperature of inter- 
granular weakness. 

(3) Unequal thermal expansion of adjacent 
grains. 

Experiments were designed and conducted to 
permit a choice among the many alternative mecha- 
nisms and in particular among the three listed here. 


EXPERIMENTAL MATERIALS 


Tests were made on the materials listed in 
Table 1. Of each material, only lumps similar in 


composition and grain size were used. 
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Table 1 
DESCRIPTION OF EXPERIMENTAL MATERIALS 
Principal 
Material Source Approx. Component 
Grain Size Minerals 
Finnish | Local 1-3 mm. | Orthoclase 
Granite | Monument Quartz 
Yard Hornblende 
(scarce) 
Biotite 
(scarce) 
Syenite | Mt. Ascutney 1-5 mm. | Orthoclase 
Vermont Plagioclase 
Nepheline 
(about 10%) 
Quartz 
(4% approx.) 
Hornblende 
(about 3%) 
Magnetite 
(about 1%) 
Danby | Vermarco Lime | 0.5 mm. | Calcite 
Marble Co., Rutland 
Vermont 
Georgia | Georgia Marble | 1.5 mm. | Calcite 
Marble Co., Tate, 
Georgia 
labama| Alabama 0.1 mm. | Calcite 
Marble Marble Co., 
Gantts Quarry 
Alabama 


Trans., Vol. 217, 1960. = 


The three marbles listed in Table ] were ana- 
lyzed to assure that their chemical compositions did 
not differ greatly (Table 2). On the basis of the 
chemical analyses, of differential thermal analyses, 
and of X-ray powder diffraction patterns, it appeared 
that the marbles were very similar except for their 


grain sizes. 
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Table 2 ~ ANALYSES OF MARBLES 
Danby Georgia Alabama 
Element Marble Marble Marble 
Mg 0.88% 1.81% 0.58% 
Mn* > 0.04 <0.1 > 0.02 
<0.1 =021 
*Spectrographic 


Thermal Expansion Specimens: Samples of 
white and pink microcline from a commercial source 
were used to determine the thermal expansion coef- 
ficients of this feldspar. The specimens were cut to 
a size of 1/2” x 3/16” X 2” from crystals which 
showed good cleavage along the (010) and (001) 
faces over their entire length. The cuts were approx- 
imately parallel to the three crystallographic axes. 


EXPERIMENTAL RESULTS 


Nature of the Fracture Produced by Heating: 
Microscopic techniques were used to prove the inter- 
granular nature of the cracks produced by heat treat- 
ments. 

Polished sections of the granite and syenite, 
which appeared under the microscope to be crack- 
free were heated to a temperature of 800°C and re- 
examined after cooling. Fach specimen had devel- 
oped many cracks a few of which followed transgran- 
ular paths but most of which were clearly located 
along grain boundaries. 

In tests on Danby marble the differences be- 
tween the grains of the rock were less obvious than 
with the silicates and a different procedure was used 
to correlate the position of cracks and of grain 
boundaries. This procedure consisted of blackening 
the polished surface in benzene smoke and wiping to 
leave cracks and pits black. When an initially crack- 
free polished section of Danby marble was examined 
after heating to 500°C and cooling, many cracks were 
developed. Since calcite exhibits excellent cleavage 
and frequently breaks along cleavage planes, it ap- 
peared particularly significant that these cracks did 
not follow the straight line paths which would be 
characteristic of transgranular fracture. 

To obtain positive proof of the intergranular 
nature of these cracks, a typical field in the heated 
and blackened specimen was photographed. The 
specimen was etched briefly with dilute hydrochloric 
acid and the blackening treatment was repeated. 
After this, the field was photographed again. The 
etching brought out the cleavage directions in the 
various grains and made the limits of the grains 
clear. Close comparison of the crack patterns of the 
two photographs showed that the cracks developed 
by heating followed intergranular paths. 
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Heat Treatment Effects on Marbles: A number 
of tests were made to define the relationship between 
the temperature of the heat treatment and the size 
distribution of heated and crushed marbles. The pro- 
cedure, already described’, consisted of heating 
2000-gram charges in a furnace fitted with an auto- 
matic temperature controller and then crushing in a 
small laboratory jaw crusher either with or without 
prior cooling. Graphs of the size distribution data 
for the products of these tests were prepared in 
which the cumulative per cent finer than size was 
plotted against the size, both on logarithmic scales, 
as suggested by Schuhmann’. 

If heat treatment caused intergranular fracture, 
the crushed products should contain more whole 
grains than the products of tests where no heat treat- 
ment was applied. An increase in the number of par- 
ticles consisting of whole grains in a rock initially 
composed of grains of reasonable homogeneous size 
must result in a steeper Schuhmann curve in the grain- 
size range. Accordingly, the slope of this portion of 
the curve was adopted as a measure of the effective- 
ness of heat treatment in creating intergranular frac- 
ture. This slope is similar to Schuhmann’s’ distri- 
bution modulus, m, and to distinguish it from 
Schuhmann’s quantity which has reality only when 
measured across the size spectrum, our modulus will 
be denoted by m*. Typical size distribution curves 
from which m* can be read directly have been given 
in an earlier paper’. 
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Temperature of Heat Treatments 


Fig. 1 ~ m* values vs heat treatment temperature for 
tests on Alabama marble. 


In Figure ] the m* values obtained from the 
tests on Alabama marble have been plotted as a func- 
tion of the heat treatment temperature. Similar results 
were obtained with each of the other marbles. The 
curves show that heating prior to crushing has a 
marked effect on the grain boundaries. In general, 
first effects were noted when crushing hot at about 
200°C and first irreversible effects were noted after 
heating to about 300°C. The effect increased with 


= 


increasing temperatures at least up to 700° C. It is 
clear too, that crushing after cooling to room temper- 


ature is slightly less effective than crushing at ele- 
vated temperature. 


Effect of Heating Rate: Tests were made under 
conditions which could cause markedly different tem- 
perature gradients during heating, as a means of 
determining the effect of heating rate on intergranular 
fracture. 

Two tests were made in which samples of 
Georgia marble were heated at a much lower rate 
than was normally used in this investigation. Usu- 
ally, the furnace temperature controller was set 
directly to the test temperature and a total heating 
time of 4 hours was allowed, but in these slow- 
heating tests the temperature was raised by only 
100° C every 4 hours. One sample was heated to 
600° C, another to 400° C, and both samples were 
crushed at the maximum temperature. The results on 
these pairs of tests together with those of other 


Table 3 
EFFECT OF HEATING RATE ON 
DISTRIBUTION MODULUS, m* 
Marble Crushing 
Type Heat Treatment Temp. | m* 
Georgia | Normal heating to 400°C | 400°C |0.90 
Heated to 400° C, at 400 0.84 
100° C per 4 hours 
Normal heating to 600° C | 600 1.09 
Heated to 600° C, at 600 1.06 
100° C per 4 hours 
Suddenly heated in molten| 20 0.89 
lead at 350° C, then air 
cooled 
Normal heating to 350° C 20 0.78 
Danby | Normal heating to 400° C 20 1.18 
Heating to 350° C at 20 meO7 
100° C per 4 hours 
Suddenly heated in molten 
lead at 350° C, then air 
cooled 20 
Suddenly heated in molten 
lead at 350° C, then air 
cooled 20 1.13 
Alabama| Normal heating to 300° C 20 0.82 
Normal heating to 400° C 20 0.92 
Suddenly heated in molten 
lead at 350° C, then air 
cooled 20 0.86 


tests featuring variations in heating rates are re- 
ported in Table 3. Despite the difference in heating 
rate, the size distribution of the crushed products 
showed only small differences from the distributions 
obtained under the normal procedure. 

It was now of interest to obtain some measure 
of the temperature gradients during slow and normal 
heating. To that end a special experiment? was made 
in which a marble sandwich 1” thick over-all was 
prepared from two marble slices with a thermocouple 
inserted between the slices, and with an additional 
thermocouple outside. The temperature differences 
between the inside and outside thermocouples are 
shown in Figure 2. 
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Fig. 2 — Center temperature vs outer temperature for 
tests on marble blocks. 


If temperatures during heating were uniform, the 
curves would fall on the straight dashed line of Fig- 
ure 2. The spread between this line and an experi- 
mental curve indicates the temperature gradient which 
existed. It is apparent that far different gradients 
were established under the two heating conditions, 
and it follows that, unless very small gradients were 
sufficient to cause spalling, this mechanism could 
not play a major role in the heat effect under inves- 
tigation. Furthermore, if small gradients were suffi- 
cient to cause spalling of this rock, then these data 
indicate that immersing a sample of marble at room 
temperature in boiling water should cause consider- 
able spalling. This does not occur, however, and it 
must be concluded that the spalling mechanism was 
not responsible for a significant portion of the ob- 
served heat treatment effects. 

To extend the testing of heating rate to higher 
temperature gradients, samples of each marble were 
heated to 350° C by immersing them in molten lead 
at that temperature. Still another sample of Danby 
marble was heated to 350° C by 100° C stages in the 
furnace so that the total heating time was about 16 
hours as opposed to about 15 minutes for the heat- 
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shocked samples. All of these samples were crushed 
after cooling. The m* values for these tests, which 
are included in Table 3, are close to the values to 
be expected from normal treatment at the same tem- 
perature. 

It was established that samples heated in lead 
for 15 minutes had reached the bath temperature of 
350° C throughout their bulk’. In general, it is con- 
cluded that temperature gradients do not play a 
major role in the effects observed. 


Thermal Expansion Analysis: If thermal ex- 
pansion plays the leading role in causing intergran- 
ular fracture, the entire rock cannot have a uniform 
coefficient of expansion. This may be achieved 
either by having directional variations in the coeffi- 
cient of expansion of a single crystal, or else by 
having adjoining crystals made of different materials 
having different isotropic coefficients of expansion. 

The anisotropism of calcite and of quartz are 
well known so that the work of this section was 
directed toward determination of expansion anistrop- 
ism in feldspars. Measurements made on samples of 
white and pink microcline indicated that the thermal 
expansion coefficients of both specimens parallel to 
their a— axes is about 10.3 x 107° degrees C~! up 
to temperatures of about 500° C. Above 500° C the 
coefficient in this direction increased slightly. 

Parallel to the b— and c— axes the measure- 
ments were somewhat erratic, due at least in part to 
the difficulty of measuring the small elongations 
developed. Some positive expansion occurred in 
every case, but the data offered no clear indication 
as to which direction might show the larger coeffi- 
cient. Still, the expansion in these directions was 
much less than that parallel to the a—axis, and the 
error involved in assuming it to be identical in the 
b— and c~— directions and equal to the average of all 
the data did not appear large. On this basis, an ex- 
pansion coefficient of about 1.2 x 10~° degrees C7! 
was obtained parallel to the b— and c— axes. This 
indicates a difference in the expansion coefficients 
of about 9 x degrees 

It may be noted too that there have been sug- 
gestions that transformations may exist in orthoclase 
and microcline as well as between plagioclase feld- 
spars’’®. Such transformations might easily contrib- 
ute to the fracture mechanism under investigation 
just as the alpha-beta change in quartz contributes 
to its fracture. 


Chemical Changes During Heating: In prior 
work it was shown that when Finnish granite was 
heated in nitrogen or when Danby marble was heated 
in carbon dioxide, the size distributions of the 
crushed products were identical to those obtained 
when heating in air’. The results of two further series 
of tests support this indication that chemical changes 
were not contributors to the heat effect. 

In one series, marble samples were crushed at 


the temperature of liquid nitrogen (—190° C). The 
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products of these tests were similar to those obtained 
by crushing at 200° C (see Figure 1) which would be 
unlikely if a chemical reaction at elevated tempera- 
ture had been involved. 

Also, differential thermal analyses were made 
on all three marbles, on the syenite, and on the 
granite. No evidence of any reactions or of phase 
changes was found up to 500° C, whereas all of 
these materials had been affected by heating tem- 
peratures appreciably lower than this. 


Effects of Repeated Heating: Three tests were 
made on Danby marble in which the heating tempera- 
ture was 300° C but in which the number of treat- 
ments was varied. One sample was heated only once 
before crushing, another was heated three times and 
a third sample was heated six times. A temperature 
of 300° C proved sufficient to cause a significant 
change in the size distribution of the heated and 
crushed product, but this change was considerably 
less than that which was brought about by treatment 
at higher temperatures. If repeated heat treatments 
could affect this material, then these conditions were 
very favorable for observing the effect. In fact, the 
products from the three tests were almost identical. 

In parallel tests on syenite, one sample was 
heated to 450° C three times and another was heated 
to this temperature six times before crushing. Both 
products were very similar to the product obtained 
from a single heat treatment. 

It seems clear that the heat effect was inde- 
pendent of the number of heating cycles applied. 


DISCUSSION 


Mechanism of Fracture During Heating: If heat- 
ing a rock is to cause it to fracture along intergranu- 
lar paths, then the bonds between the grains must be 
weakened or broken by heating. In this investigation, 
several methods by which this may have occurred 
were proposed, and it now appears that the applicable 
mechanism may be defined with some certainty. Sev- 
eral of the less likely mechanisms can be eliminated 
completely. The tests in which marbles were chilled 
rather than heated together with the results of differ- 
ential thermal analyses prove that chemical changes, 
large or small, are minor contributors at best. It is 
clear from the several tests in which different heat- 
ing rates were used that the temperature gradients 
developed during heat treatment were not associated 
with the heat effect and therefore that spalling and 
anisotropic heat transfer mechanisms were not major 
causes. Similarly, mechanisms which depend on gas 
or water expansion, annealing, or diffusion can all 
be eliminated since none can be associated with 
extremely low temperatures. 

It remains therefore to resolve the mechanism 
from the following possibilities: 

(1) A process similar to that which occurs in 

metals. 

(2) Anisotropic thermal expansion. 


(3) Phase transformations within one or more of 

the minerals of the rock. 

Intergranular fracture may be developed in 
metals under rapid loading conditions only when the 
metal is loaded at elevated temperatures and the sig- 
nificance of the temperature during loading serves as 
a basis for comparing this mechanism with the results 
obtained on rocks. Although the temperature of the 
rock during crushing was significant in the develop- 
ment of heat effects in marbles, syenite, and perhaps 
in granite, the temperature of the rock during crush- 
ing was much less important than the maximum tem- 
perature of the heat treatment. Thus the metals 
mechanism is not completely satisfactory for rocks. 

The second and third mechanisms could affect 
the rock by identical processes, vis., by causing 
adjacent grains to tear apart along their boundaries. 
This requires only motion of one face past another 
and such motion could be provided either by a phase 
transformation or by anisotropic thermal expansion. 
That is, a phase transformation, from the point of 
view of this work should be regarded only as a 
special case of anisotropic thermal expansion. Since 
anisotropic response to heating has been shown to 
exist in one form or another in all cases where a 
heat effect could be developed, it seems probable 
that this mechanism was responsible for the effect. 

In addition, the thermal expansion mechanism 
is supported by other observations. Irreversibility of 
the heat effect must result if, on heating, grains be- 
come jammed out of their initial positions; a limit to 
the effect should occur when all possible boundary 
fracture has occurred; and repeated heating should 
expand existing cracks but should not open new 
ones. Furthermore, since thermal expansion stresses 
boundaries without any external loading the boundary 
stresses must depend on the orientation of adjacent 
grains and not on grain size. Thus the effect of heat- 
ing to a given temperature should be approximately 
the same for all marbles. This equivalence is demon- 
strated in Figure 3 in which the percentage increase 
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Fig. 3 — Percentage increase in m* vs heat treatment 
temperature for tests on marbles. 


in m*, referred to m* for untreated material, is 
plotted against the treatment temperature. The man- 
ner in which all points for a given treatment approxi- 
mate a single continuous curve is remarkable. 

It appears fairly certain, therefore, that the 
intergranular fracture caused by heat treatment was 
due to unequal thermomechanical behavior of the 
component grains of the rock. 


Effects of Boundary Structure: Grain boundaries 
in metals may be described as transition regions be- 
tween two grains having different lattice orientations 
in which the transition is accomplished by atoms 
located in compromise positions. The thickness of 
this region is of the order of 4 to 6 atom distances, 
or about 20 angstroms. In addition, the two grains 
are likely to be interlocked by protruberances which 
are appreciably coarser than atomic dimensions. 
This model of the metallic boundary may also be 
applicable to minerals and rocks. The inter-locking 
structure probably develops during crystallization; 
the lattice transition between grains must involve 
atoms in compromise positions; and we see no 
reason to anticipate radically different dimensions 
for the structure. It may be useful, therefore, to ex- 
amine rock fracture in the light of this model which 
is depicted in Figure 4. 


Fig. 4 — Schematic Representation of a grain bonded 
to its neighbors by an interlocking structure. 


When the specimen represented in Figure 4 is 
loaded in tension, a crack may proceed from top to 
bottom, either by crossing grain D or by skirting 
grain D. Skirting D, that is, intergranular fracture, 
will require that the interlocks of boundaries AD and 
DF be sheared, however, and since these protuber- 
ances consist of strong non-deformable crystalline 
material, the stress required for this will be high. On 
the other hand, if a crack nucleus exists in grain D 
near the triple point, the resistance of that grain may 
be drastically reduced, and the transgranular path 
may be weaker than the intergranular one. 

The results of the present investigation can be 
explained readily according to this model. If differ- 
ential expansion occurs on heating a rock, an inelas- 
tic effect should result along those boundaries where 
a shear stress is created. Here the interlock may be 
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forced apart and once apart, may lock again in a new 
but less perfect position. This will result in irrevers- 
ible intergranular weakening. When the interlock is 
forced apart but not locked, the effect may be depend- 
ent on the temperature during crushing. Still only 
when the different thermal expansions of the minerals 
and the temperature of the heat treatment combine to 
provide sufficient separation will either be possible. 


Significance of Crystal Structure in Comminu- 
tion: It has just been proposed that transgranular 
fracture is probable in rocks when crack nuclei occur 
near enough to the grain boundary to provide a frac- 
ture path which is weaker than the grain boundary 
itself. These crack nuclei may consist of micro- 
cracks such as proposed by Griffith®, but they may 
also consist of weaknesses in the crystalline lat- 
tices of the minerals involved. For example, a group 
of dislocations or vacancies, or a good cleavage 
plane suitably oriented could provide a region of 
reduced strength, and it is well known that such 
structures do exist in non-metals as well as in 
metals. 

These defects may affect crack propagation 
further by determining the path followed by the crack 
as it advances through the crystal. A lattice defect 
will cause stress concentration in the crystal and so 
cause the crack to advance from defect to defect. If, 
in addition, the probability of fracturing a particle 
which is perfectly crystalline is low, then the mini- 
mum particle size produced during comminution must 
be related to the distribution of defects in the crys- 
tal. These proposals are presently under investiga- 
tion. 


SUMMARY AND CONCLUSIONS 


The response of several rocks to various heat 
treatments has been analyzed to determine the 
mechanism whereby some rocks fracture intergranu- 
larly during heating. In this, samples of these 
materials were heated to various temperatures under 
various conditions and the extent to which intergran- 
ular fracture occurred was determined by crushing 
and screening the heat-treated products. Various 
supplementary tests were made to establish other 
points of interest. 

The results of these experiments may be sum- 
marized as follows: 

(1) The cracks developed during heating in 
marble and in granite follow intergranular paths. 

(2) Alabama, Danby and Georgia marbles, 
despite their different grain sizes, were all affected 
by heat treatments before crushing, and the change 
due to any given heat treatment seemed to be about 
the same for all the marbles. 

(3) All three marbles showed some heat effect 
as a result of heating to and crushing at about 200°C 
and the size of the effect increased for all three up 
to a temperature of about 700° C at least. 


(4) Tests on all three marbles indicated that 
the maximum temperature of a heat treatment was 


? 
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more significant than the crushing temperature. An 
appreciable irreversible heat effect was developed 
from heating to temperatures of about 300° C. 

(5) The heat effect was not dependent on the 
magnitude of the temperature gradient established in 
the rock during heating or on chemical reactions tak- 
ing place during heating. 

(6) Minerals of the feldspar group show appre- 
ciable thermomechanical anisotropism during heating. 

The following conclusions have been drawn: 

(1) Heat treatments cause rocks to fracture 
intergranularly when the thermal expansions of adja- 
cent grains of the rock are sufficiently different to 
cause them to tear apart during heating. This will 
occur if the expansion coefficients of the various 
minerals of a multi-component rock differ markedly 
or if the expansion coefficients of a single phase 
rock are very anisotropic. 

(2) The behavior of these materials when 
heated is in keeping with the grain boundary which 
shows interlocking roughness. Elastic separation 
along the boundary is limited. 

(3) This structure of the bonding areas in rocks 
seem to be identical to that which exists in metals, 
but due to the low plasticity exhibited by most min- 
erals, creep phenomena and, therefore, intergranular 
fracture are unlikely occurrences in untreated rock. 

(4) Intensive investigation of the structure of 
mineral species to establish the role of crystalline 
defects on crack propagation is suggested. 
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STUDY OF GRINDING-BALL WEAR 
EMPLOYING A RADIOACTIVE-TRACER 
TECHNIQUE 


INTRODUCTION 


This paper summarizes the results of an inves- 
tigation sponsored by The Coates Steel Products 


Company. The objective was to determine the relative 
effects of certain chemical and physical properties on 


the wear resistance of grinding balls when grinding 
cement. In making this study, a number of types of 
balls were used in both dry and wet grinding in com- 
mercial ball mills. The radioactive-tracer technique 
was used in separating the test balls from the rest of 
the mill charge and in sorting the different types of 
balls that were all tested at the same time for each 
of the grinding operations. 


PROCESSING OF GRINDING BALLS 


In order to determine whether the properties of 
grinding balls, namely, composition, microstructure 
and hardness, can be related to the rate of wear, the 
balls used in this study were selected to represent 
various combinations of these properties. It was 
recognized that the mechanism of wear was not the 
same in the wet mill as in the dry mill. Therefore, 
the types of balls tested in each of the two environ- 
ments were not necessarily the same. However, all 
of the types of balls evaluated in the dry mill were 
tested simultaneously for one time period, while 
those evaluated in the wet mill were tested simul- 
taneously for three different time periods. All of the 
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test balls were separated from the charge when the 
mill was dumped. All of the balls were of 0.940-inch 
diameter when charged, and all but the regular pro- 
duction balls were finish ground to this size to 
eliminate the decarburized surface layers. The steels 
and processing methods used, as well as the micro- 
structures and hardness levels of the balls, are de- 
scribed as follows: 

Regular production forged SAE 1095 steel balls 
were used in both the wet and dry mills. They were 
forged to a nominal diameter of 0.940 inch and 
quenched in oil from the forging temperature. Fach 
retained a partially decarburized surface layer from 
the forging bar stock; the maximum depth of this 
layer was about 0.030 inch and the decarburization 
was negligible where the ball was sheared from the 
bar. The hardness at the surface was 40 to 46 Rock- 
well C in the partially decarburized area and 57 to 
62 Rockwell C in the areas not decarburized. The 
hardened zone extended to a depth of about one- 
third of the radius. Below the decarburized layer, 
the hardened zone consisted primarily of hard as- 
quenched martensite with varying amounts of re- 
tained austenite. This structure changed to fine 
pearlite at a depth of about one-third of the radius. 

In order to eliminate the effect of the decar- 
burized layer, a set of production balls of SAE 1095 
steel was forged to about a l-inch diameter, quenched 
in oil from the forging temperature, and ground on 
ball-bearing grinding equipment to a 0.940-inch 
diameter to remove the decarburized layer. The balls’ 
hardened zones were similar to those in the previous 
set. The hardness of the finished surfaces was 52 to 
60 Rockwell C. A slight amount of decarburization 
apparently remained after the removal of about 0.030 
inch from the surface. Balls of this type were tested 
in the dry mill only. 

Another set of forged SAE 1095 steel balls of 
l-inch diameter was heated to 1500 F and quenched 
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in water to obtain maximum surface hardness and 
even greater depth of the hardened zone. The hard- 
ness of these balls was 65 to 66 Rockwell C on the 
surface after grinding to a 0.940-inch diameter. The 
hardened zone, as shown by etching a cross section 
of one of the balls, extended to a depth of at least 
one-half the radius. The microstructure near the sur- 
face was as-quenched martensite with a small amount 
of undissolved carbide. These balls, which were 
harder than those in the previous set, were included 
to show the effect of hardness on wear in the dry mill 
test. 

In order to determine the effect of a low-temper- 
ature tempering treatment but with the balls at the 
same hardness as obtained by oil quenching, one set 
of the water-quenched SAE 1095 steel balls was tem- 
pered at 450 F to a hardness of 59 to 60 Rockwell C. 
The surface structure consisted primarily of tempered 
martensite. Balls of this type were tested in the dry 
mill only. 

The next two sets of balls were tested to deter- 
mine the relative wear resistance of lower carbon 
martensites. One set was forged from modified SAE 
1060 steel water quenched to obtain maximum hard- 
ness. The structure at the surface was primarily as- 
quenched martensite with a hardness of 63 Rockwell 
C. Balls from this set were used in the wet-grinding 
tests. The other set was of SAF 1045 steel and was 
also water quenched to obtain a martensitic structure 
at the surface. The surface hardness was 58 to 60 
Rockwell C. These balls were used in the dry-grinding 
test only. 

Two types of heat-treated alloy steel balls were 
used in the dry-grinding tests. One set was forged 
SAE 52100 steel hardened by oil quenching to 63 to 
65 Rockwell C hardness. The microstructure con- 
sisted of martensite and fine carbides that had not 
been dissolved during the austenitizing treatment. 
The other set was forged from SAF 5165 steel, and 
heat treated to a Rockwell C hardness of 47 to 51. 
The structure was tempered martensite. 

As the presence of hard-carbide particles in a 
martensitic matrix generally promotes wear resistance, 
several types of balls were prepared with variations 
of this structure. In one of these, balls of SAE 5165 
steel were finish ground to a 0.940-inch diameter and 
pack carburized for 24 hours at 1700 F in a carburiz- 
ing compound that had a high carbon potential. They 
were cooled in the furnace from the carburizing tem- 
perature to 1500 F’, quenched in oil, and tempered 
twice at 400 I’. Massive carbides were present in the 
case to a depth of 0.014 inch but were absent at the 
surface because of slight decarburization during ex- 
posure to air prior to quenching. The matrix structure 
was tempered martensite plus some retained austen- 
ite. Surface hardness of these balls was 59 Rockwell 
C. They were tested in the dry mill only. 

Another group of balls of SAE 5165 steel ground 
to a 0.940-inch diameter was gas carburized by a 
special cycling operation. Total time at 1700 F was 
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about 25 hours. The balls were cooled below the 
critical temperature several times during cycling to 
precipitate carbides. They were finally cooled to 
1440 F in the carburizing furnace, quenched in oil, 
and tempered twice at 400 F’. Massive carbides were 
present at the surface and to a depth of 0.028 inch. 
The matrix structure was tempered martensite plus 
some retained austenite. The surface hardness was 
61 Rockwell C. These balls were used in both the 
wet and dry mill tests. 

To determine the relative wear resistance of a 
structure composed of hard carbides in a softer (tem- 
pered martensite) matrix, some of the gas-carburized 
balls of SAE 5165 steel were tempered in a helium 
atmosphere to a hardness of 24 Rockwell C. These 
balls were tested in the wet mill only. 

As the corrosive conditions in the wet mill con- 
tribute to loss in weight of the balls, two sets of 
balls of Type 440C stainless steel were included in 
the wet-mill test. One set was heat treated to 62 to 
64 Rockwell C hardness and had a structure of car- 
bide particles in a martensitic matrix. The other was 
tempered to a hardness of 31 to 33 Rockwell C and 
had a structure of carbide particles in a relatively 
soft tempered-martensite matrix. 

Because cast balls of hard white iron of several 
compositions are used in ball-mill grinding operations, 
two types of cast balls were evaluated. The first was 
a nickel-chromium alloy white cast iron composed of 
massive primary carbides in a matrix of martensite 
plus retained austenite. These balls which had a sur- 
face hardness of 55 to 60 Rockwell C were evaluated 
in the wet and dry mills. The other was a low-chrom- 
ium white cast iron composed of massive primary car- 
bides in a fine pearlitic matrix. The surface hardness 
of these balls was 49 to 50 Rockwell C. These were 
evaluated in the dry mill. 

The chemical compositions of the steels and 
irons used are given in Table 1. 


IRRADIATION OF GRINDING BALLS 


The specimen balls were weighed, irradiated to 
different levels for each group, and the specific radio- 
activity of each ball was determined. This technique 
has been described by Pobereskin, et al.’ One irra- 
diated ball from each group was reserved as a con- 
trol. For the balls used in the dry-grinding test, one 
group was given the minimum irradiation time and 
the remaining nine groups were irradiated for times 
that were increased by 33 per cent from that of each 
preceding group. The radioactivity of the individual 
balls in the group having the lowest activity was 
sufficient that they could be recovered, but the maxi- 
mum radioactivity was within safe handling limits. It 
was noted that there was some overlapping of the ac- 
tivity in individual balls of the various types. This 
was corrected by removing from the test lot those 
balls with overlapping levels of radioactivity. 

For the balls used in the wet-grinding test, the 


Table 1. CHEMICAL ANALYSES OF TEST BALLS 


Composition, per cent 
Element Forged q | Forged Forged Forged Horged 
SAE 1095] SAE 1060 | SAE 1045] SAE 52100] SAE 5165 | 

Carbon 1.01 0.61 0.46 1.01 0.65 1.05 Sell 2.80 
Phosphorus] 0.017 0.017 0.015 0.025 0.045 0.030 0.116 0.097 
Sulfur 0.040 0.051 0.025 0.015 0.029 0.028 0.116 0.112 
Silicon 0.25 0.08 0.19 0.27 0.37 0.34 0.53 0.37 
Chromium Trace 0.08 — 1.45 0.90 17.03 1.45 0.67 
Manganese 0.34 0.37 . 0.65 0.40 1.02 0.48 0.23 0.60 
Molybdenum] 0.05 <0.05 0.20 0.07 -- 
Nickel Trace 0.11 — — -- 0.28 3.20 Trace 


least radioactive group was irradiated to three times 
the initial specific activity used in the dry mill. Irra- 
diation time for each succeeding group was increased 
by 50 per cent. These changes in the irradiation pro- 
cedure were made to compensate for the expected in- 
creased rate of ball wear and to allow for greater de- 
cay in radioactivity resulting from the longer tenure 
in the mill. After weighing each ball and measuring 
its radioactivity, each type was divided into three 
groups and scheduled for charging into the grinding 
mill. The most active third of each type were charged 
first, since they would receive the most wear, and the 
least active third of each type was scheduled for the 


final charging. 


DRY AND WET CEMENT 
GRINDING PROCEDURES 


Ten groups of balls with thirteen to eighteen 
balls per group were charged into a “‘finish grinding”’ 
(dry) cement mill operating with 90,000 pounds of 
balls. Balls normally charged in this mill were 1 inch 
in diameter. This mill was 7 feet in diameter by 26 
feet long, and operated in closed circuit with air 
separators to produce a 95 per cent minus 325-mesh 
product. 

After 2006 hours of normal production operation 
in the dry-grinding mill, the mill charge was dumped 


and screened to separate the balls from the cement. Fig. 1—Typical balls from each type after tenure in 
The balls were then spread out one layer deep ina dry-grinding mill (actual size). 

sorting trough and scanned with portable Geiger A) Top, left to right: Regular forged SAE 
counters to locate the test balls. In this way, 169 of 1095 steel ball; SAE 1095 steel, 52-60 
the 172 activated balls were recovered. After clean- Rc; SAE 1095 steel, 65-66 RC. Bottom, 
ing and weighing each ball, its specific radioactivity left to right: SAE 1095 steel, 59-60 RC; 
was measured to determine which group it was from. SAE 1045 steel, 58-60 RC; SAE 52100 
In the few instances where the specific radioactivity steel, 63-65 RC. 

did not provide positive identification, physical ap- B) Top, left to right: Pack-carburized SAE 


pearance and measurements were used in sorting. SAE 5165 steel, 59 RC; gas-carburized 
Identification was then confirmed by chemical analy- SAE 5165 steel, 61 RC; cast alloy white 
sis. Representative balls of each type tested in the iron, 55-60 RC. Bottom: SAE 5165 steel, 


dry mill are shown in Figure 1. 47-51 Rc. 
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UNEXPOSED BALL 


3410 HOUR EXPOSURE 


Fig. 2—Typical specimens selected from eight types of balls before and after use for the wet grinding of raw 


cement slurry. 


A) Rows, left to right: type 440C stainless, 62-64 RC; cast alloy white iron, 55-60 RC, gas-carburized 
SAE 5165 steel, 61 RC, regular forged SAE 1095 steel balls. 

B) Rows, left to right: SAE 1060 steel, 63 RC; cast white iron, 49-50 RC; type 440C stainless, 
31-33 RC; gas-carburized:steel, 24 RC. *Extreme wear conditions prevented the detection of any 
of these balls which were exposed for 3410 hours. These balls should have been similar in size to 
the ball which is illustrated at the lower right. Photo reduced 47% from actual size. 


Eight groups of balls were tested in the wet 
mill and each group of 15 to 18 balls was divided 
into three parts, so that balls from each group were 
run for 260, 1510, and 3410 hours. The mill was 7 
feet in diameter by 26 feet in length, and operated at 
23 rpm with a charge of 100,000 pounds of balls from 
1/2 to 1 inch in diameter. Raw cement slurry was fed 
to the mill at 80 to 90 barrels per hour and ground 
from minus 10 mesh to a finished size of 90 per cent 
minus 200 mesh. 

The mill charge was dumped at the regularly 
scheduled time, and the balls were separated from the 
slurry by wet screening. A belt feeder was used to 
sort the activated balls from the regular ball charge. 
A lead-shielded gamma-ray-sensitive tube was in- 
stalled over the belt and hooked up through a count- 
rate meter to detect the presence of a radioactive 
ball on the belt. The radioactive ball was then lo- 
cated with a portable radiation-survey meter. 

Of the 140 balls charged, 111 activated balls 
were recovered. Of the balls not recovered, two- 
thirds were in the batch which had the largest tenure 
in the mill. The recovered balls were cleaned, 
weighed, and sorted into the various groups on the 
basis of specific radioactivity as before. Typical 
balls from each group are shown in Figure 2. 
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BALL WEAR IN DRY AND WET GRINDING 


In evaluating the balls on the basis of weight 
loss or wear, the wear rate in ounces per day per 
square inch of surface area was determined for each 
group tested in the dry mill and for the three periods 
for each group run in the wet mill. These data are 
based on the average surface area of the ball during 
the testing period. The wear rates are listed in Table 
2 and are shown graphically in Figure 3. Note that 
the wear-rate scale for wet grinding is 10 times 
greater than that for dry grinding. In plotting the data 
for wet grinding, the wear rate for the 260-hour period 
is used except for the regular production SAE 1095 
steel balls. The wear rate shown for the regular pro- 
duction balls in wet grinding is the average obtained 
for the three periods. The wear rate for these balls 
was 0.0048 ounce/day/square inch for the 260-hour 
period, 0.0041 ounce/day/square inch for the 1510- 
hour period, and 0.0042 ounce/day/square inch for 
the 3410-hour period. The higher wear rate in the 
260-hour period was probably caused by the more 
rapid wear of the decarburized surface layer. For the 
other groups tested in the wet mill, the variation in 
wear rates for the three periods was less than 10 per 
cent. 


UNEXPOSED BALL 
MISH. 
260 HOUR EXPOSURE 260 HOUR EXPOSURE 
I5I0 HOUR EXPOSURE ISIO HOUR EXPOSURE 


Table 2. WEAR RATES OF GRINDING BALLS FOR 
DRY AND WET GRINDING OF CEMENT 


Wear Rate, 
Type of Ball Hardness ounces per day 
per square inch 
Rockwell C | Brinell(#) | Dry Grind | Wet Grind 
440 C stainless 62-64. 688-722 n.d. 0.0033 
Cast alloy white iron 55-60 546-613 0.00002 0.0040 
Gas carburized 5165 steel 61 670 0.00002 0.0042 
Pack carburized 5165 steel 59 599 0.00012 nods 
5165 steel 47-51 4.4.2-487 0.00033 n.d, 
Regular forged 1095 steel 57-62 575-688) 0.00039 0.0044 
1060 steel 63 705 n.d. 0.0044 
1095 steel 52-60 508-613 0.00043 n.d. 
52100 steel 63-65 705-739 0.00048 n.d. 
1095 steel 65-66 739+ 0.00057 n.d. 
1095 steel 59-60 599-613 0.00064 neds 
1045 steel 58-60 587-613 0.00066 n.d. 
Cast white iron 49-50 464-475 n.d. 0.0057 
440 C stainless 31-33 294-311 n.d. 0.0061 
Gas carburized 5165 steel 24 247 n.d. 0.0074 


(2) quivalent Brinell Hardness Number 


20 to 50 Rc — Standard Brinell ball conversion. 


50 to 60 Rc — Hultgren ball conversion. 
over 60 RC — Carbide ball conversion. 


(>)Hardness in areas that were not decarburized. 


n.d. Not determined. 
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Ory Grinding Wet Grinding 


Fig. 3 —Wear rates of grinding balls for dry and wet 
grinding of cement. 


The graph for dry grinding in Figure 3 shows 
that the cast nickel-chromium alloy white iron and 
the gas-carburized SAE 5165 steel at 61 Rockwell C 
hardness have the best wear resistance of those 
tested. The balls in these two groups were fabricated 
by different methods, but the wearing surfaces of the 


balls of both types consisted primarily of massive 
carbides in a hard martensitic matrix. The pack-car- 
burized balls of SAE 5165 steel also had a similar 
structure in the case, but the carbides were not pres- 
ent at the surface, and the wear rate of these balls 
was greater than for the gas-carburized balls. 


The remaining balls tested in the dry mill con- 
tained no massive carbides and had considerably 
greater wear rates. Of these the SAE 5165 steel heat 
treated to 47 to 51 Rockwell C hardness had the low- 
est wear rate (0.00033 ounce/day/square inch). The 
regular production forged balls with the decarburized 
surface had a slightly higher wear rate (0.00039 
ounce/day/square inch). The production balls of 
SAE 1095 steel (52 to 60 Rockwell C) with the decar- 
burized layer removed by grinding had the next higher 
wear rate (0.00043 ounce/day/square inch). In dry 
grinding, cement particles tend to coat the decar- 
burized surface and offer some protection in the ini- 
tial stages of wear. This probably explains why the 
ground SAE 1095 steel balls exhibited a slightly 
higher wear rate. 

The remaining four groups, including SAE 
52100 steel at 63 to 65 Rockwell C hardness, SAE 
1095 steel at 65 to 66 Rockwell C hardness, SAE 
1095 steel tempered to 59 to 60 Rockwell C, and SAE 
1045 steel at 58 to 60 Rockwell C hardness, had pro- 


gressively higher wear rates. These data indicate 
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that the wear rates are higher for the balls that were 
quenched to obtain maximum hardness than for those 
of SAE 1095 steel that were quenched less drastically 
(in oil) and which did not attain maximum hardness. 
Under some conditions, balls heat treated to high 
hardness levels may be subject to microscopic chip- 
ping resulting from impact in the mill. 

Examination of the wear rates for wet grinding 
shown at the right in Figure 3 indicates that the con- 
ditions that cause wear in the wet mill are consider- 
ably more severe than those in the dry mill. Wear rate 
of the regular production balls was more than 11] times 
greater in the wet mill than in the dry mill. Wear rates 
of the cast alloy white iron balls and the gas-car- 
burized SAE 5165 steel balls, however, were approxi- 
mately 240 and 190 times greater, respectively, in the 
wet mill than in the dry mill. This shows that these 
two groups of balls, which had by far the lowest wear 
rates in the dry mill, had only slightly lower wear 
rates than the regular forged balls of SAE 1095 steel 
in the wet mill. 

The balls of Type 440C stainless steel, con- 
taining approximately 17 per cent chromium for corro- 
sion resistance, had a slightly lower wear rate in the 
wet mill at 62 to 64 Rockwell C hardness than the 
other balls. However, the interesting thing is that the 
wear rates for the eight types of balls charged in the 
wet mill all fell within the range of 0.0033 to 0.0073 
ounce/day/square inch. It is apparent that in wet-mill 
operation abrasion continually removes the protective 
film usually imparted by substantial chromium addi- 
tions. Thus the chromium content is only slightly ef- 
fective in reducing ball wear. Except for the Type 
440C stainless balls (62 to 64 Rockwell C), the wear 
rates of the balls tested in the wet mill apparently 
were dependent on hardness rather than massive car- 
bides or corrosion resistance. The chromium content 
of the Type 440C stainless steel balls at 31 to 33 
Rockwell C hardness did not significantly contribute 
to corrosion resistance in the wet mill. Furthermore, 
the presence of hard carbides did not contribute to 
wear resistance in the white iron at 49 to 50 Rock- 
well C hardness or in the case of the carburized SAE 
5165 steel at 24 Rockwell C hardness. 
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This study has shown that the wear rates of 1- 
inch grinding balls in a dry cement mill are lowest 
when the microstructure of the balls consists of 
massive carbides in a martensitic matrix with a hard- 
ness of about 60 Rockwell C. In wet grinding cement, 
the combined effects of corrosion and abrasion cause 
much higher wear rates for all types of grinding balls. 
The wear rate, though related to hardness, is sub- 
stantially independent of alloy additions and massive 
carbides. If greatly lower wear rates are to be 
achieved in the wet mill, it may be necessary to con- 
sider nonferrous alloys such as hard copper-, cobalt-, 
or nickel-base alloys. 
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DRY MAGNETIC SEPARATION OF FINELY 
GROUND MAGNETITE: GRAPHICAL 
SOLUTION FOR SEPARATOR DESIGN 


Several drum-type, low-intensity dry magnetic 
separators have recently been described 3+ 4 
all of which share at least two generic similarities. 
The magnet consists of a multiplicity of poles of 
alternating polarity and, the speed of the drum shell, 
relative to the magnet, is such that the magnetics are 
agitated through rotation of the magnetic particles 
around their individual axes. 

The speed of the drum relative to the magnet 
(differential speed) determines the frequency of the 
field reversals. For effective agitation this frequency 
generally has to be above a specific value, which 
varies according to the mean particle size of the mag- 
netics. With separators of small diameter, say less 
than 1% ft., a sufficient differential speed for treat- 
ment of fine magnetite can be attained only by rotat- 
ing both the magnet and the drum separately; separa- 
tors of large diameter may attain sufficiently high 
differential speeds with stationary magnets. Separa- 
tors of large diameter thus have the advantage of 
simplicity of design. 

The capacity of a separator of this type is 
directly proportional to the speed of the shell. As the 
centrifugal force opposing the magnetic force in- 
creases at a slower rate than the peripheral speed of 
the shell when drum diameter is increased, large 
drums can be operated with higher peripheral speeds. 
Thus they have a higher capacity than smaller drums. 

Separation is also a statistical phenomenon, 
i.e. the grade of concentrate improves as the number 
of agitations or rotations of the magnetic particles 
per separation increases. As separators of large 
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diameter have space for a large number of magnets 
they are best suited for production of optimum grade 
concentrate. 

The statements above are general clues for 
separator design. In the following an expression is 
derived showing a more exact relationship between 
the pertinent separator variables. 

As both magnetic attraction and centrifugal 
forces are directly proportional to the volume of the 
affected bodies, complications in mathematical 
analysis, arising from variable particle size, are 
avoided by considering the force per unit volume of 
affected material. For the magnetic force per unit 
volume Runolinna (3) gives the following equation: 


(1) 


where and stand for the relative permeability 
and the permeability of vacuum, respectively, N is 
the demagnetization factor, B the intensity of the 
magnetic field, and r the distance from the face of 
the magnetic pole. 

The permeability of a specific magnetite ore 
can generally be considered as a constant. For 
ground, liberated material N can also be treated as a 
constant, and the first simplification can be made by 


writing 


1 1 


Fig. 1 shows the field intensity curves for two 
U-magnets of different size, but of roughly similar 
geometry of cross-section as plotted against the dis- 
tance from the plane of the pole faces. The curves 
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Fig, 1—Relationship between magnet size and field 
properties. 


are similar and their tangents for any value of r are 
more or less parallel. A further simplification can 
thus be made by stating that 


—— = constant = k,. 


This conclusion is supported by the following state- 


geometrically similar mag- 


ment of Scholten’: 
netic systems have similar magnetic properties, If 
air gap and each magnet dimension are multiplied by 
the same factor K, the new system will be geometric- 
ally similar and the pull force will vary directly as 


the area of the magnet-pole face.’’ Thus 


where P is the number of magnet poles per unit 
length of periphery. By writing 


BP = constant = k, 
equation (1) can be rewritten as 


be 1 
V k, k, k, P (2) 
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Turning now to the centrifugal force that op- 
poses the magnetic attraction (gravity, of course, 
also plays a role, but its effect is comparatively 


small and can be ignored) we have 


F,=mo’r (3) 
C 
If m = sV, » = —, and d = 2r, this takes the 
form 
Ge 
2s (3') 


where s is the sp. gr. of the magnetic material, C 
is the peripheral speed of the drum shell, and d is 
the diameter of the drum. By making 2s = k, equa- 


tion (3') becomes 


(3") 


The peripheral speed C can be increased to a 
critical value at which point magnetics are lost from 
the drum surface. At this point F, = F, and equa- 
tions (2) and (3"') give 


1 
k, k, kp = 
By making 2 = K this becomes 
4 
C?P = Kd (4) 


where C is the critical shell speed, higher than a 
practical operating speed. 
As the frequency of the alternating field is 


Lars (S) 


equations (4) and (5) can be conveniently plotted to- 
gether for a graphical analysis of separator variables. 

For calculation of K, for example, the follow- 
ing values are substituted: 


u. = 6 (for many natural magnetites) 

Lo = 4a x 1077 
volt sec. 

N = .33 (for appr. spherical particles) 
dB volt sec. (at r= 3/16 in. as deter- 
dr m> 


mined from a laboratory 
separator) 


B 
800 
{ gousses ) 
A 
° 
_ 400 
| 
300 
\ ° 
200 
e 
te} 
= 12 
= G 


volt sec. poles (at r= 3/16 in. as 


BP = 2.46 
m determined from the 
same lab. separator) 
ae 5000 <8 (Sp. Gr. of pure magnetite 
m is about 5.2) 
We get 


poles 


K = 2.79 x 10%3——— 
sec 


2° 


The dimensions of K are convenient as they do not 
conflict with any system of units’ The same value 
thus applies no matter what units are used for the 
other variables (as long as they are consistent). 
Equation (4) can thus be written as 


2°79: x (6) 


Figure 2 is a plot of equations (5) and (6). The 
predictions of the graph are in fair agreement with re- 
sults obtained with a small laboratory separator 
whose diameter is 1.33 ft. and which has 11.5 mag- 
netic poles per ft. The graph shows that this separa- 
tor has a critical speed of 18 ft./sec. which is in 
agreement with experiments as a considerable amount 
of magnetite is lost at that speed. The steeper family 
of curves indicates that the particle agitation fre- 
quency of this separator cannot exceed 100 cps. If, 
for example, the same magnets were to be used in a 
separator of 4 ft. in diameter, the critical speed 
would be about 31 ft./sec. and the attainable fre- 
quency would be approaching 175 cps. A choice of 
smaller magnets (more poles per foot) would give a 
higher agitation frequency, but the critical speed 
(and the capacity) would be lower. 


= 279 x 


t=125 cos 
50 


~ ~ : 
SNe 
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Fig. 2—Graphical analysis of separator design. 


Once the most efficient geometry of a magnet is 
determined and field measurements are obtained for 
such magnets of a particular size, the above analysis 
can be used to cover drums and magnets of various 
sizes, as long as the shape of the magnets remains 
constant. The value of K, used above, applies, of 
course, only to cast Alnico V magnets of a shape 
depicted in Figure 1. However, Alnico V can be used 
more efficiently, i.e. the pole strength can be in- 
creased through improved geometry without an in- 
crease in the pole spacing. Such an improvement will 
increase the value of K and move the lines indicating 
drum diameter upward on the graph. In practice this 
means an increase in the critical speed (capacity) 
and agitation frequency. Thus the designer should 
always strive to employ the strongest possible mag- 
nets with the smallest possible pole spacing. 

A word of caution is necessary. For obvious 
reasons the distance of the drum surface from the 
pole faces must remain about constant no matter what 
dimensions are chosen for the drum and the magnets. 
Thus the present analysis is more or less valid for a 
reasonable range of magnet sizes; its predictions are 
conservative for very large magnets and optimistic 
for very small ones. 
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PETROGRAPHIC INVESTIGATION OF THE 
CAUSES OF DEGRADATION OF SIZED COAL 


One of the most important requirements to be 
met by any coal producer is delivery of size consists 
tailored to specific applications. Generally these 
specifications include a minimum as well as a maxi- 
mum size limit. The customers of a major Indiana 
coal producer noticed that some shipments of sized 
coal contained a large proportion of undersize pieces. 
Also, in these shipments, the pieces which remained 
within the specified limits were cracked and, when 
handled, crumbled readily. 

The producer, certain that these shipments had 
been properly sized at the tipple, suspected that deg- 
radation had occurred in transit. The Indiana Geolog- 
ical Survey was requested to examine the coal from 
one of these shipments to attempt to determine the 
cause of breakage. 

Two basic facts about coal and coal seams led 
to the employment of petrographic techniques in this 
investigation. First, all coal seams consist of accu- 
mulations of diverse organic and inorganic constitu- 
ents; and second, most coal breakage, either desirable 
or undesirable, can be attributed to the inherent weak- 
ness of some of these constituents or to poor adhe- 
sion between certain constituents. 


Analyses of degraded coal 
Sampling: 

Samples were secured from 2 stock piles of 2- 
by 4-inch coal in a dealer’s yard. The coal in both 
piles had received the same treatment from mining to 
storage, although it had been mined and shipped on 
two different days. The size consist of one pile, 
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however, appeared smaller than that of the other. 
The sample from the degraded pile is referred to as 
the slack sample, and the other is called the unslack 


sample. 


Size analyses: 

In order to determine the actual size consist, 
the samples were screened, with a minimum of rough 
handling, on square 2-inch, l-inch, %-inch, and ]2- 
mesh screens. It is assumed that 100 percent of the 
2-by 4-inch coal is retained on a 2-inch round screen 
at the tipple. Analyses of several loads at the tipple 
indicate that approximately 26 percent of the 2- by 
4-inch coal, 100 percent of which was assumed held 
on a 2-inch round screen, passed through a 2-inch 
square screen. Twenty-six percent may be taken as 
the normal difference between round and square 
screens. Results of the analyses of stockpile coal 
are shown in Table ]. Cumulative percent versus 
size are plotted on a Rosin-Rammler chart as Figure 
1. Both samples approximately follow normal size 
distribution; this indicates that breakage is not size 
preferential and also that the samples are representa- 
tive of the stockpiles. Although both samples exhibit 
the same general size distribution, the median size 
of the slack sample is considerably smaller than that 
of the unslack sample. Fifty-five percent of the un- 
slack sample was undersize (29 percent greater than 
the normal 26 percent difference), and 83 percent of 
the slack sample was undersize (57 percent greater 
than the normal 26 percent difference). Both piles 
contained a greater percentage than normal of under- 
size coal; this indicates that they were both affected 
by degradation, but to a different degree. 


Bedding-plane analyses: 

Coal, because of its laminated nature, will 
break preferentially along bedding planes, especially 
where adjacent constituents are poorly cemented to 
each other. Subsequent breakage perpendicular to the 


Table 1 — SIZE ANALYSES AND BEDDING-SURFACE ANALYSES OF STOCKPILE COAL 


Bedding-plane Surface 
Vitrain and 
Square screen Weight Clay Fusain Clarain 
size (pet.) (pet.) (pet.) (pet.) 
+2" i 44.8 23.1 50.0 26.9 
: 34.0 229 62.9 
Sample 12m-4” 8.9 35.6 34.8 29.5 
-12 mesh 4.0 24.2 28.2 47.6 
Average — 26.5 43.3 30.3 
Crushed 
12-14 mesh — 26.3 25.4 48.3 
+2" 16.5 53.1 34.4 
1 36.2 49.2 25.4 
Slack 48.0 30.0 
Sample 12m - 4” 30.7 42.0 26.5 31.4 
—]12 mesh 49.2 351-5 
Average == 48.3 24.7 26.9 
Crushed 
Ae 12-14 mesh we 50.0 15.6 34.4 
3993 
@ Unslock 
Slack 
a 90 = 
= 80 —— = 
= = = 
4 == ===> = =| 
=== 
= 20 = 
10 = 


SQUARE HOLE SCREEN SIZE, INCHES 


Fig. 1 — Size distribution of stockpile coals. 


bedding is thus enhanced by the thinning due to bed- 
ding plane fractures. Pieces of coal from the stock- 
piles exhibited three types of surfaces where broken 
parallel to the bedding. (See Fig. 2) Anthraxylon 
(vitrain) and attritus (clarain) are considered as one 
type, fusain rich layers as another, and clay sur- 
faces as the third. 

Clay, determined by X-ray diffraction to be 
illite and kaolinite, occurs as extremely thin layers 
parallel to the bedding. When a piece is broken along 
a clay band, it presents, because of the platy shape 


Fig. 2 — Bedding plane surfaces of 2 x 4-in. coal 
1) Fusain; 2) clarain; 3) clay. 


of clay particles, a smooth dark gray surface which 
yields a tan dust when gently scraped. When viewed 
on faces perpendicular to the bedding, these laminae 
are essentially invisible, but when viewed along 
bedding planes, they are prominent and unmistakable. 
Each piece can be considered to exhibit two 
bedding planes: a ‘‘top’’ and a ‘‘bottom.”’ One hun- 
dred pieces from each of the screened sizes were 
examined, and the types of bedding planes were ana- 
lyzed and recorded. Results are shown in Table 1. 
Forty-eight percent of the bedding planes of the 
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slack sample were clay, and only 27 percent of the 
unslack sample planes were clay. About 3] percent 
of the bedding-plane breakage of minus 2-inch pieces 
occurred along vitrain or clarain bands in both sam- 
ples. As almost 50 percent of the breakage of the 
slack sample was along clay laminae as opposed to 
only 27 percent for the unslack sample, it appears 
that the excessive breakage of the slack sample can 
be attributed to clay bands. In fact, there is a re- 
markable similarity between the percentage of clay 
bedding planes and the percentage of abnormally 
undersize coal. The slack sample contains 58 per- 
cent undersize (on round screen basis, 84 percent - 
26 percent = 58 percent) and 48 percent clay planes. 
The unslack sample contains 30 percent undersize 
(on round screen basis, 56 percent - 26 percent = 

30 percent) and 3] percent clay planes. 


Representative crushed-sample analyses: 


Representative splits of each of the samples 
were crushed to minus 8-mesh, and the 12- to 14- 
mesh fractions were screened out. By means of a 
binocular dissecting microscope, the bedding planes 
of these particles were analyzed for the same three 
features described above. (See Fig. 3) Although the 
absolute number of clay laminae per inch of coal 
were not obtained, the relative amounts of clay in 
each sample were indicated. 

The slack sample contained 50 percent clay 
bedding planes, and the unslack sample contained 
only 26 percent clay planes. These figures closely 
approximate those obtained from the larger, naturally 
broken pieces; this indicates that the percentage of 
undersize coal was closely related to the available 
clay laminae. Breakage of all sizes apparently is 


directly related to these fine clay laminae. 


Tipple-sample analyses: 

Because of the cracked appearance of the stock- 
pile coal, particularly the slack sample, it was felt 
that breakage may have begun in the mine or prepara- 
tion plant and that degradation may have resulted 
when the coal was handled after screening. In other 
words, it was felt that degradation was possibly due 
to composition and occurred in all shipments, but it 
was noticeable only when high-clay coal was con- 
centrated. In order to determine if the coal was nor- 
mally cracked at the tipple, samples of sized coal 
were collected from rail cars at the tipple. The mine 
produces coal from two areas about four miles apart; 
therefore, loads from one section were kept separate 
for this study in order to determine if the coal from 
one of the areas was responsible for breakage. 

None of the coal collected at the tipple ap- 
peared cracked as did the stockpile coal. Size analy- 
ses of 2- by 4-inch coal from the east and west sides 
of the mine showed that 28 percent and 24 percent 
respectively passed through 2-inch square screens. 
As noted before, if one assumes that all was origi- 
nally held on 2-inch round screen, there is normally 
an average difference of 26 percent between the 
round tipple screens and the square screens. The 
stockpiles contained much more undersize coal; this 
fact suggests that breakage occurs during transpor- 
tation or storage. 


Ultimate cause of degradation: 
Since it was suspected that atmospheric tem- 
perature changes were the ultimate cause of degrada- 


Fig. 3 — Bedding plane surfaces of 12 to 14-mesh particles. 
1) Fusain, 2) vitrain and clarain, 3) clay. 
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tion, affecting principally the clay laminae, tipple 


samples of 2- by 4-inch coal were subjected to modi- 
fied drop shatter tests before and after various treat- 


ments. The drop-shatter test consisted of weighing 
one piece of coal, dropping ten times from a 6-foot 


height onto an aluminum plate, and screening out 


minus %-inch after each drop. The percentage of the 


original weight retained on a 44-inch screen after ten 


drops is an indicator of the strength of the piece of 


coal. 


Thirteen untreated samples were tested. The 


average retention of these thirteen samples was 64.2 


percent. No relationship between strength and amount 


of clay covered faces of broken pieces was evident. 


Four samples were immersed in water in a vacu- 


um dessicator and evacuated for five minutes, remov- 


ing air from the cracks. While immersed, water was 
then forced into the evacuated cracks by admitting 


atmospheric pressure to the dessicator. The average 


percent held on a %-inch screen after ten drops was 


53.3 percent. There was no apparent relationship be- 


tween strength and clay covered faces of the pieces. 


Four samples were wetted as described above, 
frozen for 40 hours, and then thawed for 35 minutes 
at 80 degrees centigrade. Average percent held on a 
%-inch screen after ten drops of these pieces was 
47.9 percent. Again, there was no apparent relation- 


ship between strength and clay. 


Fourteen samples were then tested. Of these 


fourteen samples, six were sawed in half and one half 


of each retained for control samples. The other half 
of these six samples and the remaining eight of the 
fourteen were wetted in the vacuum dessicator and 


then immediately placed in an over set at 80 degrees 


centigrade. After dropping, the average percent held 


of the untreated control halves was 56.4. The average 
percent held of the treated samples was 38.0. Clearly, 
this treatment caused a drastic reduction in strength. 
The treated pieces were only 67 percent as strong as 


the untreated control pieces. Determinations of bed- 


ding plane faces were made on 300 of the broken par- 


ticles from each treated sample. Results are shown 
in Table 2. The percent of clay covered faces were 


plotted against the percent held on a 4-inch screen, 
and is shown as Figure 4. Except for the three points 
in the lower left portion of the graph, all of the 
points indicate a trend (shown as the area included 
between the dashed lines). Unknown factors (other 
than clay laminae) are undoubtedly responsible for 
the weak strength of the three points which do not 
follow the trend. The graph suggests that strength 
based on the drop-shatter test employed, is indi- 
rectly related to the number of clay laminae in the 
samples when the samples are first wetted thoroughly 
and then rapidly dried. 
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Fig. 4—Drop shatter strength related to clay laminae. 


From the above data, it is inferred that the deg- 
radation of the coal in question is caused by dis- 
turbance of moisture content (principally by dessica- 
tion) and consequent loss of coherence of thin clay 
laminae in the coal. 


Concentration of clay-rich coal: 

To determine if concentrations of clay-rich coal 
are affected by sizing the coal, samples of 4- by 7- 
inch, 2- by 4-inch, 14- by 2-inch, and 3/16- by 1/- 
inch coal were collected. These samples were 
crushed to minus 8-mesh and the ]12- by 14-mesh 
fractions analyzed for their bedding-plane composi- 


Table 2 — STRENGTH AND CLAY CONTENT OF DROP-SHATTER SAMPLES 


Sample Number la 1b 2a 2b 3a 3b 4a 4b Sa Sb 6a 6b 
Retained on 

inch screen (pct.) | | 52,92! 60.7 50.6) 71.81 37.0 | 54.20) 5774 
after 10 drops 

Clay Planes (pct.) 70.3 rear 28.8 19.3 50.5 22.0 
Sample Number re 8 9 10 11 12 13 14 

Retained on %- 

inch screen (pct.) 124,06") 45.5 | 26.7 1.45.0 

after 10 drops 

Clay Planes (pct.) | 48.3 | 47.4 | 16.3 | 53.2 7.8 
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tions. The data are presented as Table 3. The 2- by 
4-inch east coal and 4- by 7-inch east and west com- 
bined contained the greatest proportion of clay bed- 
ding planes; this indicates that the high-clay coal is 
concentrated in the larger sizes (plus 2-inch) and 
that these will be most affected by degradation. The 
east-side coal is apparently the principal contributor. 


Table 3 — BEDDING-SURFACE ANALYSES OF 
12- TO 14-MESH CRUSHED TIPPLE SAMPLES 


Bedding-plane Surface 
Vitrain and 

Clay | Fusian Clarain 

Tipple Size (pet.) | (pet.) (pet.) 
A” x7” E&W 38.8 
9” x 4” East 57.5 7.9 34.6 
2” x 4” West 520.0 62.8 
§/16” <x 14” East |. 28:3 | 19.2 52.5 


Mine-sample analyses: 

On the basis of the tipple samples, east-side 
coal contained the greatest proportion of clay lami- 
nae. Channel samples were collected, therefore, from 
the east sideof the mine in orderto determine if the 
clay laminae are confined to any bench in the seam. 
An upper 3-foot-thick bench containing many clay 
intercalations and a lower 3-foot-thick bench contain- 
ing many fusain layers were obvious. Five channel 
samples of upper coal and one channel sample of 
lower coal were collected. These were crushed and 
the bedding planes of 12- to 14-mesh particles ana- 
lyzed as before. Results are presented in Table 4. 

It is obvious that the principal offending coal is 
obtained from the upper bench of east-side coal. 

An increase in clay content of the seam toward 
the north-east and ultimate pinching out of the coal 
in this direction indicates that a stream channel may 
have existed toward the northeast during the time of 
deposition of this coal. This stream, during floods, 
contributed many influxes of fine detrital material to 
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the swamp, resulting in thin intercalations of clay 
between the organic material. 

Many coal seams exhibit similar characteristics, 
caused by similar geologic conditions. Consequently, 
this phenomenon of coal breakage, due to thin clay 
laminae, is probably not confined to the products of 
the mine under investigation. 


Conclusions: 

The degradation that takes place after mining 
and preparation of coal (principally +2-inch sizes) 
from this mine and presumably from others as well is 
caused by dessication affecting thin clay laminae in 
the coal. Shipments containing concentrations of coal 
with many clay laminae can be expected to degrade 
when subjected to the causative process. 


Table 4 — BEDDING-SURFACE ANALYSES OF 
12- BY 14-MESH CRUSHED CHANNEL SAMPLES 


Bedding-plane Surface 
Clay | Fusain | Vitrain and Clarain 

Bench (pet.) | (pet.) (pet.) 
Upper 41.8 
Upper 37.8 | 24.4 37.8 
Upper 37.9 | 24.8 Siad 
Upper Al.4 | 25.1 33.5 
Upper 59.1] 19-3 21.6 
Ave Upper 42.3 | 23.3 34.4 
Lower 10.2 | 10.9 78.9 
Ave U.& L.| 26.3 Vit 36.7 


Possibly because of the tendency of the high- 
clay coal to break into elongate slabs, these ex- 
tremely clayey portions are concentrated in the 
larger sizes. As only one-fourth of the total mined 
coal contains concentrations of clay laminae, it 
should be possible to exercise care in blending the 
coal and thus prevent concentrating high-clay coal 
in any one shipment. The problem of severe degrada- 
tion thus can be essentially eliminated. Treatment 
with an anti-dessicant (possibly oil coating) may 
also prevent degradation. 


APPLICATION OF A STAINING METHOD 
TO THE ESTIMATION OF ALUMINA IN 
FELDSPATHIC SANDS 


Most western industrial sands are feldspathic 
and contain feldspars in variable amounts. A few de- 
posits will show alumina contents of less than one 
per cent while others will contain over twelve per 
cent alumina. 

Some industries are not especially concerned 
with the amount of contained feldspar but are inter- 
ested only in color and in size gradations. Other 
industries, however, are very much interested in 
alumina content and set up quite rigid specifications 
as to this content. 

Several western plants are beneficiating crude 
sands both to reduce the iron content and to control 
the feldspar content. At present, most of these plants 
are using flotation processes for both controls al- 
though a few plants do use magnetic separators for 
the reduction of iron content. Some work has also 
been done with electrostatic separators for the 
feldspar-quartz splits. 

The Sand Division of Del Monte Properties Com- 
pany, Pebble Beach, California, has been operating a 
flotation plant for iron removal and the separation of 
quartz and feldspar since 1950. As mentioned before, 
control of alumina, especially in the quartz product, 
is very important. Some users require an alumina con- 
tent of less than two per cent and others will demand 
a product of less than one per cent A1,0,. 

The standard Quinolate method for determining 
alumina is lengthy and time consuming. The 
HF —H,SO, evaporation step is especially critical 


F H. H. BEIN is Manager, Sand Div., Del Monte 
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and, if forced, spattering is apt to occur with a re- 
sulting loss of sample. Standard procedure is to 
evaporate to dryness overnight at a low temperature. 
Even with forcing under optimum conditions the pro- 
cedure will take two or three hours to complete. 

A new method has been developed which allows 

an alumina determination to be made, in 10 or 15 
minutes, on a sample of the quartz product as it is 
being produced. This procedure, although simply an 
approximation, has been most helpful in showing 
whether or not the product being formed is meeting 
specifications. This procedure has also allowed a 
great reduction in samples formerly taken and 
analysed by the orthodox method. Whether a sample 
assays 1.75% A1,0; or 1.95% A1,0, is not so im- 
portant as the fact that it is below the allowable 
maximum of 2.00%. Similar thinking would apply to 
products required to contain less than 1.00% A1,0,. 

The step by step procedures for the method are 

as follows: 

1. Collect sample, drain or filter, and dry. 

2. Split sample through standard Jones sample 
cutter to quarter or eighth sample, depending 
on size of original sample taken, then split 
down to about 5 grams through Sepor micro- 
splitter. 

3. Screen through 50 mesh sieve (U.S. Series) 
and reject undersize. 

4. Weigh out 2 grams and place in platinum 
crucible. 

5. Etch with 3-5 mls 38.40% HF for 1 minute at 
room temp. 

6. Decant and wash. 

7. Stain for two minutes in same crucible with 
a 1% water solution of Nigrosene dye. 

8. Decant and wash well. 


9. Dry. 
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10. Split 5 times through same Sepor micro- 


splitter. 


11. Count stained grains. 
12. Read Al,0, content opposite number of 


grains on appropriate table or graph (See 


| | | | | | | | 
2.00}— 
O 
O 1.50} 4 
N 
(6) 1.00 = 
a 
wW 
a 
0.50 
| | | iL i | 
fe) 4 8 \2 16 20 24 28 32 


GRAIN COUNT 


Fig, 1 — Standard straight-line graph for maximum 2 


pet alumina content plotted from a series of 
samples assayed chemically and counted. 


Comments on these steps are: 


l. 
De 


4-5-6, 
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Make sample as representative as possible. 
The Sepor micro-splitter is a valuable aid to 
the procedure in that it gives remarkably 
even splits on small samples. It is made of 
stainless steel, aluminum alloy, and phospor 
bronze. It is non-magnetic and produces no 
electrostatic charges. It has fourteen 3” 
slots. 

The average grain size of the deposit will 
determine the sieve size to be used. A small 
enough size should be chosen to eliminate an 
excess of composite quartz-feldspar grains. 
The size should be large enough, however, 

to be seen readily. In some cases excess 
fines may have to be eliminated and in other 
instances one sieve size only may have to be 
used — say, a minus 40 plus 50 mesh mate- 
rial. 

As this is an approximation procedure, 
some judgement on the part of the operator 
will have to be used. 

This is especially true in estimating 
what part a partially stained grain or grains 
(composite quartz-feldspar) should play in 
the sum of the total stained grains. 

In the Del Monte deposit, the fine mesh 
sands contain more feldspar than the coarser 
so the choice of the sieve size will affect 
the factor used in determining the standard 
curve. A count of 16 stained 50 mesh par- 
ticles of Del Monte sand indicates an assay 
of approximately one per cent of A1,0, while 
a count of only 14 would give the same assay 
on minus 20, plus 40 mesh material. 

No comment. 


7. Any of several dyes could be used for 
staining. Nigrosene, a synthetic dye obtain- 
able from the American Cyanamid Co., is 
preferred as the resultant blue color gives a 
good contrast between the etched (feldspar) 
and the unetched (quartz) grains. 

8-9-10, No comment. 

1l. There are two suggested ways by which a 
grain count may be made. The simplest, and 
the one adopted, is to count only the stained 
particles. Another, probably more accurate, 
is to count both the stained and unstained 
particles and obtain a percentage ratio be- 
tween them. It is doubtful that the slight 
increase in accuracy warrants the added time 
and effort needed to make a total grain count. 
A low power magnifier or binocular micro- 
scope is of great aid to the counting step. 

12. Either a graph or a table may be used for 
converting grain count into alumina content. 
The graph is probably more useful and al- 
lows plotting over a time interval for a per- 
manent record. Any consistent deviation 
from the standard graph indicates a change 
in the sand composition and the necessity 
for recalculation of the standard curve. 

Fig. 1 shows a standard straight-line 
eraph for a maximum 2% alumina content 
plotted from a series of samples that were 
both assayed chemically and counted. Stan- 
dard statistical methods were used in com- 
puting the base line and the plotted points 
are counts made on actual samples taken in 
September, 1958. 

As may be seen, this standard line does not 
pass through the origin of the graph. As mentioned, 
the fine material usually contains more feldspar than 
the coarser so even though no feldspar occurs in the 
plus 50 mesh material the whole sand, with fines 
present, would show some alumina content; in this 
case, about 0.10%. 

In practice, a 32 count on a sample is sugges- 
tive of a 2.00% alumina product. As this method is 
only an approximation, the inherent error present 
might permit a 32 count sample actually to assay over 
2.00% A1,0,;. At Del Monte, however, no 30 count ma- 
terial has ever contained more than 2.00% alumina 
and it is fairly safe to assume that the 2.00% maxi- 
mum specifications are being met on counts of 30 and 
below. Similar reasoning is consistent relative to a 
15 count sample when 1.00% material is required. 

This procedure, although developed for the Del 
Monte sands, could be modified and applied to other 
feldspathic sands. Del Monte sands are unique in that 
less than one per cent is retained on a 20 mesh 
screen and less than one per cent passes 100 mesh. 
For this reason, fines and oversize materials wnich 
might occur in other deposits cause no difficulty here. 
Application of proper factors and correct grain size 
selection, however, should permit adaptation of this 


technique to many other deposits. 

The technique of mineral grain staining is by no 
means new. Research geologists have been using the 
method for years and references may be found in a 
number of Petrographic text books. Two suggested 
publications are: Manual of Petrographic Methods, 
by Johannsen. McGraw-Hill Book Co., New York, 1918; 
Manual of Sedimentary Petrography, by Krumbein and 
Pettijohn. Appleton-Century Co., New York, 1938. 


In conclusion, thanks are due the staff at Del 
Monte for the assistance given in the preparation of 
this paper, especially to Mr. Henry Benech, metallur- 
gist, who developed many of the refinements of the 
method. The author also is grateful to Mr. Phillip 
Smith, chemist, for the analytical work, and to Mr. 
Harvey Lange for assistance in the preparation of 
the manuscript. 
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RELATIONSHIP OF HARDNESS, FRIABILITY, 
AND PARTICLE SIZE TO THE ABRASIVE 
PERFORMANCE OF DIATOMACEOUS SILICA 


by F. L. Kadey, Jr., F. B. Hutto, Jr., and L. E. Weymouth 


INTRODUCTION 


The behavior of particulate non-metallic mate- 
rials in moving contact with smooth surfaces is of 
interest and concern to manufacturers and users of 
abrasives, of fillers, and of pigments alike. The 
theoretical aspects of the subject have been treated 
to considerable extent in the literature, and correla- 
tions are available that attempt to relate various 
methods of hardness determination.*’ * The particle 
size and friability are characteristics of the abrasive 
that are not related to the smooth surface. The hard- 
ness, on the other hand, may be visualized as rela- 
tive to that of the smooth surface. In a study of 
abrasive action, the role that hardness, per se, plays 
is a complicated one. For it is necessary to compare 
the ‘‘hardness’’ 
metallic, with that of the smooth surface, generally a 
metal, Hardness of non-metallics is defined as re- 


of the abrasive, usually a non- 


sistance to scratch and is almost universally de- 
scribed with respect to the Mohs scale.° 
have been rated by Mohs numerically from the softest 
(tale = 1) to the hardest (diamond = 10). By defini- 
tion, a mineral has a designated hardness when it is 
scratched by the standard that is numerically just 


Minerals 


above it on the scale; and conversely, when it 
scratches the standard that is just below it. Hardness 
of metals, however, implies resistance to indentation, 
a property that has been measured by a number of 
methods, In fact, the indentation hardnesses of the 
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standard minerals on the Mohs scale have been de- 
termined by the Rockwell tester. Reproduced below 
are two versions of this correlation. 


Table I 
PUBLISHED INDENTATION HARDNESSES OF THE 
MINERALS IN MOHS SCALE 


American Chain & 
Cable Tables® 
Knoop | Rockwell| G. F. Kinney° 
Mineral Mohs| Number Equiv. Rockwell 
ale 1 -- 
Gypsum Z 32 
Calcite 3 135 B68 B75 
Fluorite 4 163 B79 B83 
Apatite || axis | 5 360 C36 C33 
laxis 430 C5233 
Orthoclase 6 560 Ci C42 
Quartz || axis| 7 710 C59 C60 
taxis 790 C62.7 
Topaz 8 1250 
Corundum 9 -- 
Diamond 10 | 5500-6950 


7 conversion chart, prepared by Wilson Mechanical Instru- 
ments Division of American Chain and Cable Co., merely 
gives the conversion from Rockwell to Knoop hardness. 


oThe relation between Knoop indentation hardness and Mohs 
scale has been reported by G. S. Smith — A New Scale of 
Hardness, The Engineer, Aug. 26, 1949, 


°G. F. Kinney in Ce Properties and Applications 
of Plastics reports the Rockwell hardness of the minerals 
directly in the Mohs scale. 


The question immediately arises as to whether 
this relation is valid when applied in reverse; namely, 


in the study of scratching of metallic surfaces by 
non-metallics. Moreover, the point is most pertinent 
in a discussion of abrasion. A study of the abrasive 
character of diatomaceous silica is of considerable 
interest at Johns-Manville. In its use as a filler, 
diatomite comes in moving contact with most of the 
more commonly used metals; copper screens and 
steel knives in the paper trade, steel rollers in paint 
formulations, silver in polishing, etc. Its behavior in 
contact with paint surfaces is also of interest.* Let 
us first examine the nature of this unusual product 
of organic processes. 

Diatomaceous silica consists of the minute 
skeletons of diatoms, which are aquatic plants re- 
lated to algae. Under ideal conditions, growth and 
reproduction of the diatom result in thick deposits of 
diatomaceous ooze. Subsequent geologic processes 
may cause the ooze to become consolidated into a 
sedimentary deposit, which if of high enough quality 
may have countless uses. The Johns-Manville 
Celite ® quarries, near Lompoc, California are an 
excellent example of such a deposit. Chemically and 
mineralogically, these skeletons resemble opal. Al- 
though many opals have a distinct X-Ray pattern, 
diatoms appear microamorphous under the petro- 
graphic microscope. The principal constituent is 
silica, containing varying amounts of combined water. 
There is considerable evidence that the diatom valve 
also contains a small amount of aluminum, iron and 


other elements. Commercially processed diatomaceous 


powders fall into three principal categories, each of 
which exhibits specific abrasive character. These 


are natural milled powders, straight-calcined powders, 


and flux-calcined powders. Further subdivision on the 
basis of particle size is effected within each cate- 
gory by subsequent milling and by air classification. 
When diatomite is heated without a flux (straight- 
calcined), a small part of the silica is converted as 
a side effect to the crystalline form, cristobalite. 
Calcination with a flux (flux-calcination) increases 
the amount of this phase and also produces varying 
amounts of sodium silicate glass. Therefore, it is to 
be expected that some differences in abrasive char- 
acter should be found among the three basic types. 
For this reason, samples from all three principal 
categories were included in this investigation, 


EXPERIMENTAL METHOD 


In order to study the most minute effects of the 
abrasion testing, observations on a microscopic 
scale were considered to be essential. The surfaces 
that were to be abraded were polished by metallo- 
graphic techniques. To insure reproducible abrasive 
action, a device was constructed (see Figure 1) to 
supply a uniform force (approximately 40 psi) to the 
polishing pad. The number of strokes over each sam- 


® Johns-Manville registered trademark for its brand of 
diatomaceous silica products, mined at Lompoc, Cali- 


fornia. 


ple was standardized at 10. A forward plus return 
movement constituted one complete stroke. The abra- 
sive was caked on the end of a felt pad 3/16-inch in 
diameter. The pad was soaked in triethanol ammo- 
nium oleate and fitted into a holding sleeve on the 
end of the rod, The area abraded was examined in 
vertical illumination and in oblique illumination at 
magnifications up to 20X in an attempt to observe 
the micro-scratches, if in fact, any were produced. 

Abrasive materials studied were: Diatomaceous 
earth; natural, straight-calcined, and flux-calcined 
grades. Opal. Tripoli. Whiting. Carborundum. 
Alumina. 


a 


a _ Puide for vertical rod 


it 
= 


Weight 


of motion 


Wire loop used for 
moving pad over surface 


4— Metal cylinder 


brading ped 


sample 


Fig, 1—Schematic diagram of abrasion comparator. 


Polished surfaces included: gypsum; calcite; 
fluorite; apatite; orthoclase; quartz; silver; copper; 
brass; steel (Rockwell C-26, C-43.5, and C-62.1); and 
opal. 

A notation was developed in which a plus sign 
was used to indicate that abrasion had been accom- 
plished as evidenced by micro-scratches. A minus 
sign signified that no micro-scratches could be seen. 
Validating checks on the micro-scratching technique 
were provided by crushing and sizing standard 
minerals from the Mohs scale to be used as abra- 
sives. Opal of intermediate hardness was also used. 

The effect of friability on abrasive character 
was studied by preparing heavy concentrations of the 
diatomite powders in cured epoxy resin. Thus the 
support of a rigid (though relatively soft) matrix was 
provided. It was reasoned that friable particles, when 
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supported, would exhibit their ‘‘true”” hardness, and 
scratch rather than break down under pressure. When 
the abrasive was embedded in epoxy, it was not 
feasible to use the comparator. Instead, manual abra- 
sion was performed at an undetermined, but as nearly 
uniform as possible, pressure. 


RESULTS 


Micro-Scratch Tests on Non-metallic Surfaces 

Although the authors were able to scratch 
minerals with others of equal hardness, it has been 
reported that a mineral of given Mohs hardness will 
not scratch another of equal hardness.” The micro- 
scratch tests of crushed and sized Mohs standards 
on their polished counterparts bears out this latter 
contention. Since unsupported natural diatom skele- 
tons will scratch calcite but will not scratch fluorite, 
their apparent hardness on the Mohs scale may be as 
high as 4, By similar reasoning, coarse natural dia- 
toms when supported in an epoxy resin scratched 
fluorite but not apatite, so a hardness on Mohs scale 
of as much as 5 is indicated. Further refinement, us- 
ing the opaline samples as intermediate points, indi- 
cates that the ultimate hardness of the natural diatom 
valve is between 4% and 5. The calcining and flux- 
calcining of diatomite increases this ultimate hard- 
ness to between 5” and 6, 

The effect of particle size on abrasion is obvi- 
ous; and moreover, was well illustrated by several of 
the tests. The sized opal samples were both found to 
produce micro-scratches commensurate with their true 
Mohs scale hardness only when above 25y in particle 
diameter, Although little significance in the actual 
diameter is intended, the comparison of sizes is 
interesting. The finely classified diatomites were 
found to produce fewer, and considerably finer micro- 
scratches than their coarser sized counterparts. This 
has also been observed by M. L. Smith in abrasion 
studies with calcite.° The relative importance of 
hardness versus particle size is illustrated by micro- 
scratch tests with tripoli (Mohs 7) and with levigated 
alumina (Mohs 9) both of similar particle size distri- 
bution on fluorite (Mohs 4), The Tripoli, although 
harder than fluorite, did not appear to scratch it. The 
alumina, on the other hand, did produce micro- 
scratches. 


Micro-Scratch Tests on Metallic Surfaces 

Of considerable interest also are the results of 
micro-scratch tests on metal. All of the diatomite 
preparations (with the exception of the natural, fine 
powder) produced micro-scratches on the test block 
with a Rockwell C hardness of 43.5. Therefore, al- 
though natural diatomite will not scratch apatite 
(Mohs 5) even when supported in an epoxy matrix it 
will readily produce micro-scratches on steel that 
has approximately the same indentation hardness of 
a mineral between apatite and orthoclase (Mohs 6). 
The test was repeated with fluorite (Rockwell B-80) 
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that had been crushed below 25y and this preparation 
also produced micro-scratches on the Rockwell 
C-43.5 test block. Illustrating once again the effect 
of particle size, neither the <10y fluorite preparation 
nor the fine particle size diatomite would produce 
micro-scratches on metal that their coarse particle 
size counterparts would. The effect of the friability 
of the diatom valve in abrading metallic surfaces was 
similar to that observed with regard to the non-metallic 
surfaces; the support of a rigid matrix increased the 
tendency to produce micro-scratches. Table II shows 
all the micro-scratching combinations that were 
attempted. 


DISCUSSION 


Polishing Action of Diatomite 

So far as the academic aspects of the study are 
concerned, it must be conceded that, in most in- 
stances, the non-metallic abrasive is harder than the 
smooth surface that is subjected to abrasion. In es- 
sence, diatomite is capable of producing micro- 
scratches on copper, silver, brass, and on steel of 
Rockwell hardness C-43.5 at least. However, from a 
practical standpoint, the polishing effect of abrasives 
is not viewed through a microscope, with illumination 
so set as to highlight the surface. Rather, one is con- 
cerned more with the total effect produced on the sur- 
face as viewed with the naked eye. The requirements 
of an abrasive depend on the end result that is de- 
sired, In the case of polishing silver, the abrasive 
should be hard enough to remove the tarnish quickly, 
yet result in so little micro-scratching that, to the 
naked eye, a high polish is attained. 

Polishing always involves micro-scratching, and 
the finer the micro-scratches, the higher the polish. If 
the macro-scratches become too deep, owing to larger 
particle sized abrasives, they will be visible to the 
naked eye. Instead of a high polish, a satin-like 
sheen will be produced. If the scratches are deeper 
and coarser than those required to produce a satin 
sheen, micro-scratching is the result. Polishing, and 
to a far greater extent micro-scratching, removes part 
of the surface being polished. When working with a 
sterling piece or other solid metal, loss of material is 
not of great concern. When polishing a plated object 
or a painted finish, excessive abrasion is a serious 
consequence, and should be avoided. A “‘happy 
medium” must be achieved between the removal of 
tarnish within a reasonable time, and the correspond- 
ingly unnecessary removal of the base material below. 

Considering the hardness of silver and of the 
sulfide tarnish, the particle size and friability of the 
abrasive might play a more dominant role than does 
the hardness differential. Experience has shown that 
the natural baghouse grade of diatomite when appro- 
priately formulated affords the most pleasing balance 
between rapid tarnish removal and minimum damage 
to the silver substratum. Although the hardness of 
finishes and of the surface films encountered are 


Table II. 
RESULTS OF TESTS WITH TIE JOIINS-MANVILLE RESEARCH CENTER ABRASION COMPARATOR 


Polished Surfaces Calcite | Fluorite ee Apatite ep Feldspar Rockwell | Rockwell | Rockwell 
Opal Oe C-26 | C-43.5 | C-62.1 

Mohs Hardness 

Abrasive 3 4 4-1/2 5 5-1/2 6 4-5 5-6 1 

Natural milled coarse particle 

size diatom preparation + -~ 

Flux-calcined, fine particle 

size diatom preparation =a) + 

Bare Wick (felt) - x 

Amber opal (Mohs 4-1/2) <25y + + 

Amber opal (Mohs 4-1/2) 25-444 af + 

Black opal (Mohs 5-1/2) <25y + - + + z 

Black opal (Mohs 5-1/2) 25-44 + + 

Calcite (Mohs 3) <10yu 

Fluorite (Mohs 4) + 

Fluorite (Mohs)4) <30yu + + 

Apatite (Mohs 5) <10u + + - + + = 

Apatite (Mohs 5) - + 

Epoxy (w/o abrasive) © S 

Tripoli (Mohs 7) <10u - + + 

Carborundum (Mohs 9-1/2) + + + + + + i # + 

Levigated alumina (Mohs 9) + + + + + + 

Amber opal (Massive) (Mohs 4-1/2) + + 

Black opal (Massive) (Mohs 5-1/2) + + + + - + . it 

Calcite (Massive) (Mohs 3) 

Fluorite (Massive) (Mohs 4) ~ = a = 

Apatite (Massive) (Mohs 5) = = 
+ + 


Feldspar (Massive) (Mohs 6) 


+ indicates micro-scratches observed. 


- indicates no micro-scratching observed, 


® powder embedded in epoxy resin produces micro-scratches. 


© powder embedded in epoxy resin doesn’t produce observable micro-scratches. 


different than that of silver, similar principles of 
abrasion apply, and experience will determine the 


appropriate abrasive to use to achieve the desired 


result. 


The diatom valve is a particularly delicate 


structure. In spite of its opaline composition, its 
walls are so thin that with very little pressure, the 


forces that would tend to press it into a metallic 


surface are overcome by those that would crush the 
diatom particle. Not until the crushing force equals 
the resistance to further breakdown does it seem that 
a diatom particle achieves its ultimate size as an 


abrasive particle. In this respect, diatomite is differ- 
ent from other abrasives and may be able to adjust 
its particle size somewhat to the pressure applied 
and to the resistance to scratching by the metal sur- 
face. This is significant in view of the effect of par- 
ticle size on fineness of micro-scratches and on 


apparent Mohs hardness. 


CONCLUSIONS 


Natural diatoms, when supported in a rigid 
matrix to inhibit crushing have an ultimate Mohs 
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hardness of 4% to 5. For practical purposes, because 
of a high degree of friability, the natural diatom has 
an apparent Mohs hardness of 3% to 4. 

2. Flux-calcination increases the apparent 
Mohs hardness of the diatom to 5% to 6, This in- 
crease is attributed to the conversion of part of the 
microamorphous silica to cristobalite, with an at- 
tendant decrease in friability; and to the formation of 
sodium silicate glasses. 

3. The apparent Mohs hardness as revealed by 
micro-scratch tests on polished surfaces, using an 
Abrasion Comparator, tends to decrease with de- 
creased particle size. Crushed and sized opal was 
found to decrease one point in apparent hardness on 
Mohs scale when below 25 average diameter, Finer 
particle sized diatom preparations were found to pro- 
duce fewer and finer micro-scratches than did their 
coarser counterparts. 

4. Lack of correlation between the Mohs hard- 
ness of minerals and the indentation hardness (Rock- 
well) of metals was observed to this extent: although 
the Rockwell indentation hardnesses of the minerals 
in the Mohs scale have been determined, such miner- 
als have been found to readily scratch polished metal 
test blocks of even higher indentation hardness. For 
example, the indentation hardness of fluorite (Mohs 4) 
has been measured at Rockwell B79-B83. The <30u 
fraction of fluorite, however, will readily produce 
micro-scratches on a test block of Rockwell C43.5. 
This anomaly has been recorded in the case of other 
Mohs standards, with opal, and with diatomaceous 
silica. 

5. The uniquely delicate structure of the dia- 
tom valve would seem to be the controlling attribute 
of diatomite as a polish abrasive. Therefore apparent 
scratch hardness, hence abrasion, appears to depend 
upon particle size, which in some degree is governed 
by this property. 
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GEOLOGY OF THE NAKINA IRON 
PROPERTY, ONTARIO 


by W. T. Swensen 


The Anaconda Company, through its wholly owned subsidiary The Anaconda 


Company (Canada) Ltd., has investigated, optioned and partially developed a 


large tonnage of iron ore amenable to magnetic concentration. The reserves are 


located in north central Ontario and occur within a twenty-two mile belt of 


layered and intricately folded metamorphic rocks, close to the north contact of 


an igneous complex of granite and pegmatite. There are two main ore deposits. 
Briarcliffe is a steep to vertically dipping body 100 to 500 feet wide and over 
a mile long. The Two Mile Lake deposit is flat dipping and confined to an open, 


asymmetrical syncline; it is approximately a mile wide and 250 to 400 feet 
thick. On its flat easterly plunge, it is saucer-like in shape and is amenable to 
open-pitting for an east-west distance of several thousand feet. Magnetometer 
surveys, confirmed by drilling, indicate at least a three mile eastward extension 


of this deposit. 


INTRODUCTION: 


Location and Access: 

The property is located in the Kowkash Mining 
District of northwestern Ontario, roughly forty-four 
miles north of the community of Nakina on the main 
line of the Canadian National Railroad. (Fig. 1) 
Access during the exploration period was entirely by 
airplane from Nakina. (Fig. 2) More recently, Nakina 
itself was connected to the highway network in the 
Longlac-Geraldton area. The property is roughly 190 
miles by existing and proposed railroad from the 
Great Lakes Waterway system. The Trans-Canada 
pipeline moving natural gas from western to eastern 
Canada passes through Geraldton roughly 70 miles 
south of the property. 


Topography: 
The surface features in the area are typical of 
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a sizeable portion of the Precambrian Canadian 
Shield area. Many lakes, low swampy areas, and 
glacial moraine-type features are common in this 
recently glaciated area. The average elevation is 
between 800 and 900 feet above sea level, and the 
relief is probably less than 100 feet with the greater 
portion of the area less than 50 feet. The topographic 
‘thighs’? are formed either by outcrops that were re- 
sistant to glacial erosion or by moraines, eskers and 
drumlins which were deposited upon the recession of 
the glaciers. The better mineralized zones, composed 
chiefly of quartz and magnetite, commonly form 
ridges resistant to erosion and weathering. 


Previous Work: 

Because of the obvious outcrop of the magnet- 
ite-rich beds and knowledge gained from early devel- 
opments within the general region, it is conceivable 
that the presence of the iron formations has been 
known for a good many years. 

The area is included in studies made by L. F. 
Kindle* in 1929 and 1930 for the Ontario Department 
*Kindle, L.F., Kowkash-Ogoki Gold Area, Ontario Depart- 


ment of Mines Annual Report, Vol. XL, Part IV, 
1931; Map 40f 
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Yr ANACONDA IRON PROPERTY of Mines. Kindle’s work was of a geological recon- 
naissance nature and published as ‘‘Kowkash-Ogoki 
Nokino Gold Area’’, district of Thunder Bay. 
alia ee There is little evidence of serious investigation 
= Res such as trenching or drilling prior to 1954. At that 
_ time, Dr. Pierre Mauffette, acting for Lake Superior 
Iron Ltd., staked a considerable number of claims 
and initiated a reconnaissance drilling program for 
testing the extent and grade of the iron-rich zones. 
Airborne magnetic and dip needle surveys guided 
the drilling program. A rather broad drill-hole spac- 
ing was used, and by the end of the summer of 1955, 
after completing approximately 40 holes with a total 
footage of 20,000 feet, a sizeable tonnage of mag- 
netite ore was indicated. At this stage The Anaconda 
Company optioned the claims and proceeded with an 
intensive drilling program. Work was continued 
through 1956 and 1957, options exercised, and Ana- 
conda Iron Ore (Ontario) Limited was formed late in 
1957 to take over the properties. 


Longlac 


GENERAL GEOLOGY: 


Stratigraphy: 
N Soult, Ste Marie All of the crystalline rocks of the area are 
Precambrian in age. They are generally covered by 
Pleistocene glacial deposits which vary from a few 
es inches to more than 100 feet in thickness. Fossil- 
Fig. 1 — Location Map. iferous limestone float is common along the lake 
shores. It is derived from glacially transported 
material originating in the Paleozoic sediments of 
the Hudson Bay lowlands, the western edge of which 
lies approximately twenty-five miles to the east. 


Table of Formations 


Recent: Lake and river sediments 
BRIARCLIFFE ORE Pleistocene: Glacial drift, outwash sand, 
f gravel and clay 
TWO MILE ORE ZONE e Keweenawan: Intermediate to basic dike 
rocks 
| Algoman: Pegmatites and aplite dikes 
Laurentian: Granites, gneisses (?) 
ke Keewatin: 1) Greenstones (amphibolites 
7 (Coutchiching) and chlorite schists) 
2) Quartz-biotite schists, 


iron formation (Marshall 
Lake series) 


Esnogomi Loke Because of difficulty in age-dating the meta- 
morphosed Precambrian sediments and in differenti- 
ating the granites of Laurentian and Algoman time, 
the above generalized sequence is uncertain. Two 

Kowkash samples, one of quartz-biotite schist and one of a 


muscovite-rich pegmatite, were sent to Messrs. S. S. 
Goldich and A. O. Nier, Geology Department, Uni- 


a re Nakina versity of Minnesota, for age determination by the 
Potassium-Argon method. Their results are as 
follows: 

1) Quartz biotite schist 2 72. Yer 
2) Muscovite Pegmatite 2.64 B.Y. 
Keewatin (Coutchiching): 
Fig. 2 — Nakina area, showing ore zone locations. The predominant rocks in the vicinity of the 
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iron property are a series of quartz-biotite schists 
which generally strike east-west and dip northerly. 
In the westerly portion of the property the dips are 
vertical; to the east the dips flatten and become 
25°- 30° north at the eastern edge of the property. 

Kindle named the quartz-biotite schists the 
Marshall Lake series and considered them to underlie 
the Keewatin volcanics and to be of Coutchiching 
age. While there is considerable uncertainty as to 
the age of these rocks, it is suggested that for the 
purposes of this discussion, they can be grouped 
with the Keewatin volcanics. 

An average mineralogic composition for these 
schists would be: quartz-feldspar 50-75%, biotite 25- 
50%. Garnet and hornblends are usually present in 
minor amounts and magnetite is locally abundant 
enough to make the rock distinctly magnetic. Garnet- 
rich bands, often weakly magnetic, are common in 
the schists of the Briarcliffe zone. These magnetic 
bands vary from a few inches to several feet in width. 
In the Two Mile Lake area homblende is an impor- 
tant constituent. 

On outcrop, the schists are a uniform dark gray- 
brown, resulting from weathering and the presence of 
encrusted lichens. Textural and compositional differ- 
ences show up in the drill cores as bands less than 
one inch to several feet wide. No petrographic study 
was made of the schists. 

Intimately associated with the schist is a 
quartz-magnetite gneiss of the type commonly called 
Precambrian iron formation. Megascopically the rock 
is composed of alternate bands of aplitic textured 
quartz and fine-grained magnetite. According to de- 
tailed petrographic studies, the iron formation is a 
laminated amphibole-magnetite-quartz schist, the 
laminae being alternate bands of magnetite-rich and 
magnetite-poor material. Subordinate minerals are 
pyroxenes, feldspar, and chlorite. Apatite is rare or 
absent. A minor amount of specular hematite occurs 
in samples from the Briarcliffe Lake zone but is rare 
or absent in the Two Mile Lake deposit. 

Iron formation is interbedded and interfingered 
with the schist throughout the section. It varies 
greatly in width from a minimum of one inch to a max- 
imum of 500 feet in the central Briarcliffe Lake zone. 

The remaining Keewatin rocks are greenstones 
which occur in a narrow belt from the north arm of 
Nass Lake to a point two miles northeast of Saga 
Lake. They were not mapped in detail but were traced 
with the aid of a helicopter. Where observed the for- 
mation consists of an amphibolite composed chiefly 
of hornblende crystals ranging in size from 2-10 mm. 
Quartz, chlorite and biotite are abundant in distinct 
schistose horizons and also in the amphibolite. Ex- 
cept in the coarser portions of amphibolite there is a 
well developed schistosity that strikes east-west and 
dips steeply to the north. This is also the attitude of 
the formation. 

The northern edge of the belt is a prominent 
scarp in the area north and northeast of Saga Lake. 


No direct evidence of faulting was observed but the 
persistence of the scarp strongly suggests it. 


Laurentian 

The granites of the area are called Laurentian 
by Kindle. A few small outcrops of granite are re- 
ferred to as Algoman, but these are not in the imme- 
diate vicinity of the ore zones. No field relationships 
were noted which would indicate two ages of granite. 
Due to the paucity of exposures no contact between 
the granite and the schist was noted and, therefore, 
their age relationship has not been established. 
Kindle suggests pegmatites cutting granites are of 
Algoman age. 


Algoman 

Pegmatites, which Kindle placed in the Algoman, 
occur as dikes, sills and irregular bodies intruded 
into the schist and iron formation. They range in tex- 
ture from granitic to those with feldspar crystals 
greater than one foot across. The chief minerals are 
quartz, K-feldspar, albite, muscovite, and less com- 
monly, biotite. Perthitic and graphitic intergrowths 
are exceedingly common. Tourmaline is locally abun- 
dant with some crystals up to two inches in diameter. 
Garnet and hornblende are important accessories, 
especially close to the schist and iron-formation 
contacts. 


Keweenawan 

These are the youngest rocks of the area. They 
are found as intrusive dikes and sills cutting all 
older rocks and range in composition from olivine 
basalt to quartz diorite. The most common rock in 
the group is fine to medium-grained diabase composed 
chiefly of augite and pale green, sometimes altered, 
plagioclase in laths 1-15 mm in length. Surface ex- 
posures are common but many of the non-outcropping 
bodies are known from drill cores and magnetometer 


surveys. 


Pleistocene 

Unconsolidated glacial deposits cover an esti- 
mated 90% of the land area and range in depth from a 
few inches to more than 100 feet. For the most part 
the deposits are of the unsorted type: recessional 
and ground moraines. Sorted deposits of sand and 


gravel occur in eskers. 


STRUCTURAL GEOLOGY: 


General: 

The regional inlier of schist which contains the 
iron formations is believed to be a roof pendant of 
Precambrian rocks and is an isolated unit completely 
surrounded by granites of Laurentian and/or Algoman 
age. It extends 32 miles in a general east-west direc- 
tion and roughly 10-12 miles in a north-south direc- 
tion. Although Kindle mapped a small similar-appear- 
ing schist unit in the vicinity of O’Sullivan Lake and 
a larger one in the vicinity of Marshall Lake, it is 
difficult and perhaps impossible to correlate them 


structurally. 
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Folding and Faulting: 

Depending on the scale being considered, fold- 
ing can be said to be extremely variable. From a 
regional point of view, the quartz-biotite schist con- 
tinues across the entire strike length (22 miles) of 
the property with relatively minor flexures. From the 
western edge of the property to the Briarcliffe ore- 
body, the dips are vertical or steep to the north. In 
the area of the Briarcliffe orebody (Fig. 6) there is 
a suggestion that the recurring, parallel magnetic 
horizons to the south at Chaucer Lake and Durer Lake 
may represent repetition of the iron formation due to 
isoclinal folding. While no certain evidence of this 
assumption has been observed, it seems a logical 
possibility. Continuing eastward from Briarcliffe, 
broad flexures have been mapped and, in general, the 
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northerly dips decrease, ultimately to 25°— 30° to the 
north in the area of the Two Mile Lake orebody. 
(Fig. 3) In this easterly portion of the property, the 
iron formation occurs in a broad asymmetric syn- 
clinal structure plunging 25°— 30° to the northeast. 
Although the regional folding seems to be rela- 
tively simple, detailed examination of the iron forma- 
tion itself discloses an extremely complicated 
pattern of tight folding. All scales are represented; 
folds with crests of anticlines and synclines spaced 
100' apart are not uncommon; smaller flexures on 
the flanks of these larger ones down to a scale of 


less than an inch are equally common. At every 
point the axial plane of each fold is parallel to all 
the others, regardless of the scales of the folds be- 
ing compared. This interesting phenomenon is 
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Fig. 4 — Two mile ore 
zone, section A-A. Iron 
formation is alternating 
thin bands of granular 
quartz and magnetite, 
grading approximately 
28 pct soluble iron. 
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particularly evident in the large synclinal structure 
of the Two Mile Lake orebody. 
Faulting has been noted as follows: 

1) North-northwest trending structures offsetting 
the iron formation with the fault zones them- 
selves intruded by later diabase dikes. (Area 
west of the Briarcliffe Lake orebody). (Fig. 6) 

2) A sudden scarp-like termination of the wider 
(mineable) iron formation at the east end of 
the Briarcliffe orebody suggests a fault cut-off. 
(Fig. 3) Since the magnetics east of this point 
indicate strike continuity, a vertical fault with 
little or no horizontal movement is indicated. 

3) Diamond drilling suggests the east end of the 
Two Mile Lake orebody has been down dropped 
by a complex series of northeast striking, 
steeply dipping faults. (Fig. 3) The disappear- 
ance of the surface expression of the iron for- 
mation to the east suggests a subsurface termi- 
nation of the iron formation perhaps against the 
granite mass that bounds the zone to the south. 


ECONOMIC GEOLOGY: 

The areas explored for iron lie in an elongated 
magnetic anomaly which runs from the Little Current 
River on the east to Tennant Lake on the west, a 
distance of 22 miles. Exploration was concentrated 
in those parts of the belt with highest magnetics and 
where iron formation outcrops. Two areas were shown 
to have excellent economic possibilities. The first of 
these is at Briarcliffe Lake and the second at Two 


Mile Lake. 
Briarcliffe Lake: (Figs. 6 & 7) 


Ground exploration on this property was carried 
out by dip-needle, surface mapping and diamond 
drilling. Two zones with distinct economic possibili- 
ties were outlined. 

The iron formation of the main ore zone is made 
up of two important bands each varying in thickness 


N DOH 


from a minimum of 100 feet to a maximum of 400 feet. 
The maximum combined thickness of these two bands 
is in the order of 500 feet near the center of the 5000 
foot extent of this zone. These two bands are sepa- 
rated by varying thicknesses of barren schist (maxi- 
mum 150 feet, minimum 50 feet). Irregular masses of 
pegmatite interrupt the lateral continuity of iron for- 
mation. Important volumes are known in the west half 
of the zone, where selective mining will be required. 
The eastern end of the zone is a sharp termination, 
apparently caused by faulting. Both bands of iron 
formation continue west from this main Briarcliffe 
ore zone but with much reduced thickness. However, 
at least one more important occurrence of similar 
material has been outlined less than a mile to the 
west. 


Two Mile Lake: (Figs. 3, 4 & 5) 

Geological exploration, in the form of detail 
surface mapping and diamond drilling, aided by dip 
needle surveys, has indicated two ore zones which 
have been designated the Southeast Ore Zone and 
the Northwest Ore Zone. 


Southeast Ore Zone 

This ore zone, which for ore reserve purposes 
is known as the Southeast Pit, is the larger of the 
two. It begins approximately 1200 feet northeast of 
the point at which the outlet creek leaves the north 
end of Two Mile Lake and extends in a northwesterly 
direction for about 2600 feet with dips varying from 
20° to 35° to the northeast. The ore zone consists of 
three principal bands of iron formation which can be 
traced the length of the zone. These bands vary in 
thickness from about 30 feet to a maximum of 260 
feet in the southernmost portion and are separated by 
schist bands varying in thickness from a few feet to 
a maximum of 130 feet. Between these principal 
bands are several thin discontinuous iron bands 
which locally are of mineable width. The principal 
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Fig. 5 — Two mile ore 
zone, section B-B. Iron 
formation is alternating 
thin bands of granular 
quartz and magnetite, 
grading approximately 
28 pct soluble iron. 
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bands in the southern 1200 feet of the zone have been 
contorted and thickened by what is apparently drag- 
folding against northeast striking, steep, normal 
faults which terminate the bands at this point. 

The three principal iron bands were found to 
continue to the northwest beyond the southeast ore 
zone with the same general attitude for 1600 feet, 
but in this area the bands vary from 25 feet to 80 
feet in thickness and are separated by schist bands 
ranging from 45 feet to 200 feet in thickness. This 
area was not considered economic for open pitting. 


Northwest Ore Zone 


This ore zone is a continuation of the same 
three principal iron bands that form the southeast 
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Fig. 6 — Briarcliffe ore 
zone. Iron formation is 
alternating thin bands 
of granular quartz and 
magnetite, grading ap- 
proximately 28 pct 
soluble iron. 
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ore zone. The zone extends in a northerly direction 
for 2400 feet. The iron formation in the southern 600 
feet of the zone swings from a northwesterly strike 
to a northerly strike with dips of 25°— 35° to the east. 
The iron bands have been highly contorted and are 
thicker. In general, the northern 1800 feet of the 

zone strikes northerly with steeper dips of 25°—45° 
to the east. 

Only the lower of the three principal iron bands 
continues the length of the zone. It is contorted, 
thickened and interfingered with minor iron bands in 
the northern portion of the zone. The middle iron 
band has been traced 2000 feet northward in the 
zone and then appears to lens out in the direction of 


Beaver Lake. A fourth iron band 1800 feet long 
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Fig. 7 — Briarcliffe ore 
zone, section A-A. Iron 
formation is alternating 


thin bands of granular 


quartz and magnetite, 


grading approximately 
28 pet soluble iron. 
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occurs between the lower and middle principal iron 
bands lensing out at both ends. 

In general, the hangingwall of the iron formation 
consists of schist and the footwall consists of schist 
with some pegmatite sills. The pegmatite sills in- 
crease to the north and interfinger with the lower iron 
band at the north end of the zone. 

Beyond the north end of the Northwest Ore Zone 
the iron formation has been traced for an additional 
1000 feet. Because of dilution by pegmatite sills, 


this zone was not considered economic. 


Sub-Economic Deposits: 

The Briarcliffe Lake and Two Mile Lake ore 
zones make up a very minor portion of the magnet- 
ically anomalous belt studied. (Figure 2) Diamond 
drilling of the more highly anomalous zones has 
shown the larger portion of the belt to be composed 
of a low-grade material which assays from 5% to 15% 
total acid-soluble iron. The interbanding of quartz- 
biotite schist with the magnetite accounts for the 
general low grade. Sub-economic widths of higher 
grade material are not uncommon. 


THEORIES ON ORIGIN OF IRON FORMATION: 
Banded iron formations such as that on the 
Nakina Iron property are common in the Canadian 
Shield. Their origin is often attributed to deposition 
of iron from solution in shallow sedimentary basins 
followed by varying degrees of metamorphism. 
Though geographic considerations could enter the 
problem, it seems pertinent to suggest that the 
theories of genesis of these magnetic iron ores 


‘ 


might closely resemble those of the ‘‘iron forma- 


tions”’ in the famous Lake Superior regions. Classi- 
cal contributions by F.F. Grout, T.M. Broderick, J.W. 
Gruner, C.K. Lieth, and others suggest that iron was 
deposited from solution in shallow sedimentary 


basins, followed by varying degrees of metamorphism. 


According to the works of these men, the iron could 
have been derived from upland regions undergoing 
weathering or conceivably from submarine magmatic 
emanations. Chemical considerations point to pre- 
cipitation of the iron as hematite or limonite and 


conversion to magnetite by later metamorphic or 
1gneous activity. 

At Nakina the iron formation occurs in beds en- 
closed in, and grading laterally with, the schist. It 
is possible that some of the iron now present is the 
result of enrichment after deposition. Such enrich- 
ment could conceivably be effected by hydrothermal 
and/or metamorphic processes. 


SUMMARY: 


Large tonnages of iron ore amenable to magnet- 
ic concentration have been developed in two general 
areas along a zone twenty-two miles long and two 
miles wide. It is estimated that in each case the 
open pit operation envisioned will be continuous to 
a depth of 400 feet and that the iron essentially in 
the form of magnetite, will be up-graded by magnetic 
concentration after having been finely ground to 150- 
200 mesh. Important volumes of equal grade material 
are known to continue below this arbitrary depth of 
400 feet and huge volumes of lower grade material 
are indicated along the entire explored strike length 
of over 20 miles. 

The Briarcliffe Lake orebody is steeply dipping, 
roughly 200 to 500 feet thick and has a length of over 
one mile. The Two Mile Lake deposit has a flat dip 
and is confined to an open asymmetrical synclinal 
structure. The four bands of iron formation of this 
deposit represent a combined average thickness of 
roughly 250 to 400 feet with strike length in excess 


of a mile. 
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MINE LIGHTING: REVIEW OF PROGRESS 
IN TECHNIQUES AND RESEARCH IN 
GREAT BRITAIN 


This paper reviews progress in equipment design and in the techniques ap- 
plied to mine lighting in Great Britain. The incidence of the disease miner’s 
nystagmus, which was a major source of concern only a few years ago, has now 
diminished, largely owing to improvements in standards of lighting in mines. 

The reorganisation of the coal mining industry, involving increasing mech- 
anisation, together with new safety legislation, has brought about the wide- 


spread use of mains electric lighting underground. 


An account is given of some of the results of research to determine the 


lighting conditions needed for compliance with the compulsory legal requirement 


of ‘‘sufficient and suitable’’ general lighting at specific localities in British 


mines. 


Some details are given of the techniques applied and the results of recent 
research in the problem of glare from miners’ cap lamps. 


INTRODUCTION 


Of the various factors in the working environ- 
ment of the miner, it is true to say that lighting is 
seldom given attention comparable with that devoted 
to other factors, such as dust, heat and humidity, or 
atmospheric gas content. No doubt one reason for 
this lies in the ability of the human eye to adapt 
itself to low brightness levels. Be that as it may, the 
fact is that at the turn of the 20th century the miner’s 
working light improved little throughout the centuries 
during which mining technology has developed, In- 
deed, in coal mines which encounter a methane ex- 
plosion hazard, flame safety lamps, with a luminous 
intensity less than one candle power, were virtually 
the sole means of lighting during almost the whole of 
the 19th century. 
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The 20th century has witnessed a substantial 
improvement in lighting techniques underground in 
coal and metalliferous mining. In Great Britain the 
general pattern has been one of standards periodically 
raised by the implementation of Statutory Regulations 
imposed under successive Mines Acts, but it is fair 
to add that the more progressive mining companies 
usually anticipated the Statutory Regulations, which 
when they have been put into effect have served to 
turn into general practice what was already being 
done at the better mines. In earlier years, official 
requirements were limited to the specification of ap- 
proved lamp designs, with stipulated minimum values 
of luminous intensity and light output, but more re- 
cently the necessity of satisfactory maintenance of 
standards during service has been recognized, and 
the current regulations not only require that a main- 
tenance organisation should exist, but also specify 
a maximum permissible depreciation below initial 
approval standards,’ 


[ 


LIGHTING BY PORTABLE LAMPS 


The evolutionary pattern of lighting by portable 
lamps in European mines has favoured the use of hand 
lamps, the electric hand lamp replacing the oil safety 
lamp as a lighting device; a proportion of oil lamps 
being retained as gas detectors. 


Miners Nystagmus: In Great Britain the occupa- 
tional disease known as miners nystagmus proved to 
be a heavy burden on the mining communities and an 
expensive item on the industrial compensation costs 
sheet, particularly during the inter-war years 1918- 
1939, Extensive research into the problem has shown 
the disease to be primarily due to some interference 
with the process of visual fixation, brought about by 
prolonged exposure to brightness environments which 
are below the limits for foveal vision. By using cap 
lamps which concentrate the whole of their light flux 
into a beam centred on the object of regard, ample 
light for foveal vision is assured. Hence where cap 
lamps are used miners nystagmus is not a serious 
problem. Recent years have therefore witnessed the 
virtual replacement of hand lamps by cap lamps 
throughout Britain, and a similar trend is evident in 
Western Europe generally.’ 


Cap Lamps: The efficiency of cap lamps, as 
indicated by the light output in lumens for each pound 
in weight continues to increase, but it is doubtful 
whether future improvements of contemporary equip- 
ment can continue at the same rate as that of the past 
twenty years or so. Since 1936 acid cap lamps have 
shown a fourfold increase in lumens per lb. of lamp 
weight, while that of alkaline cap lamps has doubled 
in the same period.” 

The maximum possible light output of a cap lamp 
is determined by the combined characteristics of the 
battery and the bulb. So far as the lamp bulb is con- 
cerned, the controlling factors are the temperature at 
which the filament is operated and the service life re- 
quired of it. By using Krypton gas filling and reducing 
the bench test life of the bulb from 400 to 200 hours it 
has been possible to increase the operating tempera- 
ture of the filament from 2500°C to 2830°C, and thus 
achieve an increase, in lumens per watt, from about 6 
in 1934 to a little more than 10 at the present time. 

Contemporary types of both acid and alkaline 
cap lamps have a comparable performance, as shown 
by approval test figures, of approximately 4 lumens 
per lb. This figure has not altered much in the past 
ten years, which could mean that the design of these 
lamps has reached a stage where present dimensions 
and weights are about the optimum for the conven- 
tional types of battery. There is a limit to the increase 
in light output that can result from improvement in the 
design of headpieces and from minor changes in 
battery construction and it is probable that a substan- 
tial increase above present figures will only be pos- 
sible if batteries of entirely new design, with much 


great capacity than that of present equipment, are 
employed. 

Whether or not revolutionary new sources of 
electrical power are ultimately employed for portable 
lighting, we must consider how best to use such in- 
creased light as we can provide in the future from the 
miners portable lamp. 


Visibility at the working face: The prevailing 
trend in favour of the hight intensity beam projector 
gives some grounds for concern. In coal mines the 
evolution of techniques towards continuous mining 
and power loading involves corresponding changes in 
the visual tasks at the coal face, and in such changes 
certain outstanding features are apparent, One of 
these is the increasing dustiness of the atmosphere, 
and another is that instead of the labour force being 
evenly spread along the length of a longwall face 
during a whole working shift, the men are more often 
found to be working in relatively localised teams, or 
groups, each group moving up the face together as the 
shift proceeds. The objects of interest in the visual 
tasks are no longer all at arm’s length, but are often 
at distances of nine to twelve feet or more away, the 
length of the loading machine, in fact. In these cir- 
cumstances the lamp giving a diffused beam may be 
inadequate for the task. Moreover, a diffused beam in 
a fog of dust lights up the fog and little else. Men on 
machine work therefore show an understandable prefer- 
ence for a headpiece which gives a high intensity 
spot, for this is felt to penetrate a dusty atmosphere 
better. At any rate, since less light is distributed 
away from the axis of the beam, the veiling effect of 
reflected light from atmospheric dust is not so ap- 
parent. 

But this advantage may not be so great as may 
first appear, and indeed may be an illusion, for the 
concentration of light flux along the axis of projec- 
tion must diminish the ability of the eye to make use 
of peripheral vision, the proper functioning of which 
is essential for safety in any environment. Further- 
more, when men are working in a team around a coal 
face machine, the glare which each individual experi- 
ences from all the lamps of his fellows, is a source 
of considerable distraction, discomfort, and even 
danger, for the effect of glare is to render the observer 
virtually blind to his surroundings. Glare is determined 
essentially by the relationship between the light flux 
entering the eye from the glare source and the light 
flux reflected to the eye by the general surroundings. 
Recent research on miners cap lamps has determined 
the extent to which both visual disability and dis- 
comfort due to glare can be controlled by the design 
of the headpiece and the light distribution character- 
istics of the lamp. 


Ideal light distribution at the working face: The 
ideal form of distribution would project a beam of 
light along the axis with sufficient intensity to meet 
the need for a spotlight, where such a need exists, 
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but which would at the same time throw sufficient 
light onto the surroundings to raise eye adaptation to 
a level which would render glare from the central 
beam not intolerable. Such a distribution is quite 
unobtainable with any cap lamp now on the market or 
which is likely to be marketed in the foreseeable 
future. The only practicable means of reducing cap 
lamp glare to comfortable limits, if a high intensity 
spotlight is necessary, is to light the general back- 
ground and the surroundings by some other means 
external to the cap lamp itself, the reflectivity of 
the surroundings being maintained as high as pos- 


sible. 


MAINS LIGHTING 


Ever since the earliest days of electric lighting, 
individuals among successive generations of mining 
engineers have pursued the ideal of lighting the mine 
by mains electrical power. In the immediate post-war 
years interest in this ideal was revived on a national 
scale in Britain. The advance of mechanisation and 
the implementation of new safety legislation made it 
clear that in many circumstances underground the 
miners portable lamp is not able in itself to produce 
all the light that is needed for safety and efficiency, 
and recent years have witnessed a wide expansion of 
mains lighting in mines.* 


Coal face lighting: So far as Great Britain is 
concerned, these advances have not yet attained 
their objective in the provision of general mains 
lighting at the coal face, although not very long ago, 
several experimental installations of coal face light- 
ing were in operation. These experiments owed their 
origin to the Coal Face Lighting Sub Committee, set 
up by the Ministry of Fuel and Power in 1945 with the 
object of investigating the potentialities of a new 
light source — the tubular fluorescent lamp — as an 
appliance for mining use. 

Systematic and painstaking trials of various de- 
signs of equipment were conducted, lasting several 
years, until, by 1955 it was true to say that coal face 
lighting by mains electricity had been proved to be a 
practicable engineering proposition, using the equip- 
ment then available, provided the mining industry 
really wanted to apply it and was prepared to face 
the cost.° It was a great disappointment to all those 
associated with these trials, that the discovery of 
the ignition hazard associated with light alloys at the 
coal face rendered them abortive, and instead of the 
number of installations being extended the trials 
themselves were discontinued one by one, until today 
very few installations, using fittings made of cast 
iron, remain, 

Nevertheless, the experience gained during those 
years may yet bear fruit. If the trials had been ex- 
tended there is no doubt that one of the major diffi- 
culties arising would have been that of finding the 
number of electricians needed for the repeated dis- 


460 


mantling, moving forward, re-erection and testing, 
involved in the cyclic face advance system, for which 
much of the equipment was designed. 


Influence of current advances in face mechanisa- 
tion: The advent of the armoured scraper chain con- 
veyor, which can be moved forward bodily without 
dismantling, on the prop-free front system, and the 
introduction of hydraulically controlled self advanc- 
ing supports, has materially changed the position. 

If it is required to light such a face then there are 
obvious advantages to be gained by building the 
lighting gear into the support system or the conveyor, 
to form an integral part of either. Such equipment, 
consisting essentially of the tungsten filament lamp 
in an armoured transparent wellglass fitting attached 
by a flexible coiled spring or wire rope support to 

the goaf side of the scraper chain conveyor, is now to 
be seen in use in Germany and Holland and to a lesser 
extent in Britain. 


Signalling on longwall faces: As well as pro- 
viding additional light to supplement the cap lamps, 
a face lighting installation can be designed to in- 
clude a visual signalling system, in which push but- 
tons, incorporated into the lighting fittings or in- 
stalled as separate units in the circuit, are spaced 
at convenient intervals along the face. Operation of 
any one of these buttons causes the lighting installa- 
tion to “‘blink’’, The facility of transmitting signals 
instantaneously along the whole length of the face in 
this manner, is extremely valuable. 


Possible future developments in face lighting: 
If present trends continue, the future of mechanised 
longwall techniques will include the control of all 
face operations from the gateroads. Machines do not 
need light but presumably there will be periods when 
manual duties of installation, inspection, maintenance, 
and repair, will be involved on the face. An alternative 
to building lighting equipment into the face machinery 
is to use battery-powered lamps of the semi-portable 
type, positioned where and when needed. That such 
equipment has not been more widely applied before 
now is very largely due to the weight of the units, 
which makes them unpopular to handle and necessi- 
tates special arrangements for their transport to and 
from the lamproom, Nevertheless there is a field of 
application for battery floodlights if batteries of ade- 
quate capacity with low weight can be designed, and 
if arrangements can be made for charging the batteries 
in the pit. 


Mains lighting on underground roadways: The 
safety legislation implemented in 1947 brought about 
a widespread improvement of lighting at key points 
on mine transport systems underground. Having 
achieved this improvement it seems only a logical 
step to extend mains lighting along the travelling 
roads which link those parts of the mine where general 


lighting is compulsory. The major difficulty here is 
quite simply that of cost. 

If the standards of industry at large are applied 
underground then, for the type of work with which we 
are concerned, illumination levels of from 7 to 10 
foot candles on the working task would be recom- 
mended, Illumination levels of this order are achieved 
by some of the best examples of pit bottom roadway 
lighting but it is not considered to be practicable to 
make similar provisions along the inbye roadways or 
at the inbye transport stations, where lower illumina- 
tion levels must suffice. 


MINE LIGHTING RESEARCH 


Before 1947, research in mine lighting was vir- 
tually confined to the design and improvement of 
portable miners lamps, and mains lighting, which 
existed on a limited scale, was installed principally 
in the roadways adjacent to the shaft stations, using 
filament lamps in either transparent wellglass or 
prismatic bulkhead fittings. After 1947 mains lighting 
became a compulsory requirement in British mines at 
certain points on the underground roadways. (Haulage 
stations, and the like), At about this time, the tubu- 
lar fluorescent lamp was receiving attention as to its 
suitability for mining use. A resurgence of interest in 
mine lighting research therefore resulted, being di- 
rected towards the application of mains lighting 
underground. In this research two lines of approach 
were established, one a study of the design of fit- 
tings suited for installation in mine roadways and the 
other a fundamental! study of the essential require- 
ments for satisfactory visibility in mining situations. 


Fittings design: The high intrinsic brightness 
of the tungsten filament lamp makes it necessary to 
enclose the lamp in some form of diffuser, if it is not 
to be glaring at the low mounting heights which are 
inevitable in mine roadway lighting. In general light- 
ing practice the design of opalised or prismatic dif- 
fusers presents no difficulty but where an explosive 
gas or dust hazard exists, certain constructional com- 
plications arise due to the face that ‘‘armourplate”’ 
glass, which is required by the British flameproof 
specification, cannot be constructed in an opalised 
form. Neither can it incorporate prisms on its surface 
which would be capable of close control of light flux 
distribution. Among the designs which have been suc- 
cessful in solving this problem is one which employs 
a cover of opalised acrylic resin outside the trans- 
parent glass cover, and another which uses a diffus- 
ing ring of prismatic glass round the lamp and inside 
the transparent armourplate wellglass.° 

The tubular fluorescent lamp has received much 
attention from the fittings designers and is extensive- 
ly used for mine lighting. Both circular and straight 
tubes are employed, in a variety of sizes. Among the 
flameproof designs, several manufacturers supply 
5 ft. 80 w. straight fittings, and a 40 w. circular 


fluorescent fitting is also available.’ 


Fundamental research: Where mains lighting is 
compulsory in British mines the statutory requirement 
is that it must provide ‘‘suitable and sufficient’’ gen- 
eral illumination. No minimum acceptable illumination 
levels are stipulated. A problem thus exists, in de- 
ciding upon what is desirable and necessary in quan- 
titative terms. 

Preoccupation with illumination levels is apt to 
cause one to overlook the fact that visual conditions 
are determined not by illumination alone, but by the 
combined effect of illumination and reflectivity. The 
light reflected to the eye, measured in foot lamberts 
is thus more important than incident light measured 
in foot candles. 


Visibility of mining tasks: Subjective factors 
are pre-eminent in any appreciation or assessment of 
the effectiveness of a lighting installation, while the 
design of installations is mainly dependent upon 
physical criteria supplemented by the art of the 
engineer. 

For many years engineers all over the world 
have attempted to apply physical criteria to assess 
the “‘goodness”’ of seeing conditions produced by 
lighting installations, and many so-called ‘‘visi- 
bility’’ meters have been introduced for this purpose. 
Among the better-known instruments of this type are 
the Luckiesh-Moss ‘‘Visibility’’ Meter, and the 
Cottrell ‘‘Contrast Sensitivity’’ Meter, both of U.S.A. 
origin. The indiscriminate use of such instruments 
has, however, been the cause of some criticism and 
current thought tends to discount arbitrary physical 
criteria in favour of subjective-objective correlation, 
In this respect the situation is somewhat analogous 
to that which exists in air conditioning, whereby the 
effects of atmospheric heat and humidity on an indi- 
vidual’s environmental comfort are sometimes de- 
scribed in terms of ‘‘effective temperature’’. A sub- 
jective-objective correlation in illuminating engineer- 
ing is that provided by the Hopkinson-Waldram appar- 
ent brightness curves, by means of which the bright- 
ness sensations produced by various levels of phy- 
sical brightness are defined on a numerical scale for 
various eye adaptation levels.** 

The ability of the eye to see in a low brightness 
environment is a characteristic well known to all 
miners. Estimates of lighting efficiency based on 
purely physical criteria are liable to be widely mis- 
leading in such environments and any attempt to 
specify minimum legal foot-candle illumination levels 
in mines would be very difficult to justify unless it 
was included within the framework of a code of prac- 
tice based on an analysis of all the factors, subjec- 
tive and objective, which determine visibility in 
mining environments. 

Research on the visibility of tasks therefore 
consisted, in its early stages, of the determination 
not only of illumination levels, but also of the bright- 
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ness distribution over the visual field in a variety of 
mining environments.® Having thus determined the 
general levels of brightness to which the eye is 
adapted in typical mining tasks, it was possible to 
apply the results of those workers who have been ac- 
tive, in Europe and in the U.S.A., in correlating the 
physical factors which are measurable in the visual 
field with the sensation of luminosity produced sub- 
jectively to the observer.” 

The most recent observations in connection with 
this work have consisted of an examination of typical 
mining tasks carried out in mains lighting at a num- 
ber of Yorkshire collieries. The tasks were all asso- 
ciated with the mine transport systems and were 
classified under five headings, namely, 1) shaft 
bottom, 2) haulage stations, 3) transfer points, 

4) haulage engine houses, and 5) transformer houses, 
offices, etc. 

The shaft bottom is an area of intense activity, 
involving movement of men and materials in many di- 
rections. Haulage involves essentially two-directional 
movement of cars, requiring vigilance by operators. 
Transfer points usually have belts moving coal out- 
bye, and also unidirectional movement of cars. Rope 
haulage engine operators are in contact with normally 
static but manually operated controls, the machinery 
being a visual work object only when it is being oiled 
and examined and this is done when the machinery is 
idle. 

The tasks were observed in conditions of light- 
ing and visibility judged by the individuals concerned, 
and this simple subjective assessment was correlated 
with observed values of illumination, reflection factor, 
and the readings of two types of “‘visibility’” meter. 
An assessment of the subjective contrast provided by 
the critical detail observed against the background of 
the general surroundings was made, using the Hop- 
kinson-Waldram apparent brightness curves. 

The results were recorded as shown in Appendix 


I. 

Reflection factors: An examination of the re- 
sults immediately gave an assessment of typical re- 
flection factors of underground work objects and their 
surroundings. Metallic parts such as haulage ropes, 
cages and accessories, car ends, etc., have values 
ranging from 5% in the case of rusted or coal dust 
covered greasy parts, up to 30% for highlights, usually 
produced by wear on ropes and control levers. 

Walls have reflectances as low as 5 to 10% at 
coal transfer points and coal loading shaft stations, 
despite original whitewashing. Reflectances rise to 
values of 50% to 60% in areas newly whitewashed or 
where there is little or no coal handling. 

Floors also show a range of values, as is to be 
expected, from 5% on coal dust covered floors to 20% 
in well stone dusted roadways. Concrete floor have 
values of the order of 10% or a little higher. 


Correlation of ‘‘Visibility’’ Observations: 50 
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visual tasks were observed at 21 task positions. It 
was found possible, on all the tasks studied, to make 
a subjective assessment of the visibility of each task 
or task element. Three levels of assessment were de- 
noted by ‘‘good’’, ‘‘moderate”’, or ‘‘bad’’. The opinion 
of the workers engaged in the particular operations, 
together with the judgement of the investigator, pro- 
vided the basis for final assessment. Such appraisal 
was made quickly. It did not need detailed analysis 
to indicate how good or how bad visibility was. On 
the contrary an observer immediately judges a scene; 
or an operator a task, without conscious reasoning. 

The eye adaptation brightness level for each 
task position was estimated as being about the mean 
brightness of the visual field, this being determined 
by photographic photometry. 

For the three classes of subjective visibility, 
average values for eye adaptation level, visibility 
meter readings, and contrast of object against back- 
ground on the Hopkinson-Waldram scale, were deter- 
mined, the results being given in Table I. A correla- 
tion between all the methods of visibility measure- 
ment was apparent and the results show that good 
visibility exists where brightness levels are such 
that eye adaptation is maintained within the region of 
0.7 foot lamberts, while an adaptation level of 1.0 
foot lambert would represent good visibility indeed. 
This represents a high standard, near the limits pos- 
sible for underground lighting at the present time, re- 
quiring an illumination level of 10 foot candles on a 
work object of 10% reflectance. 

““Moderate’”’ visibility, as defined for this study, 
represents acceptable limits and conditions in which 
a task can be safely and easily carried out. The re- 
sults show that the values of the visibility criteria 
are one half to one third those which represent ‘‘good’”’ 

It can be seen that the tasks classed as having 
“*bad’’ visibility had an average luminance near the 
limits of brightness for foveal vision. 

Experience teaches us that good conditions for 
seeing are likely to exist when the object of regard 
has a brightness slightly higher than that of its sur- 
roundings. Hence the quoted foot-lambert level for 
eye adaptation, which is determined by the brightness 
of the surroundings, can be used as the main criterion 
for lighting installation design in underground situa- 
tions.*° The levels of illumination which this study 
has shown to be necessary for the establishment of 
“‘good’’ visibility in mines are much lower than those 
which are customarily regarded as adequate in indus- 
try at large. For example, the reflectivity of the com- 
ponents concerned in mining tasks has been observed 
to range from 5% in the shadows to 30% in the high- 
lights. The background to these tasks would consist 
of the floor and roadsides, reflectivity of which ranges 
between the limits previously described. 

. Wiese studies have shown that miners regard 
good”’ visibility as existing when the average bright- 
ness in the visual field is around 0.7 foot lamberts. 


Table I 
CORRELATION OF VISIBILITY OBSERVATIONS 


Apparent Brightnesses 


(From Hopkinson- 


Subjective Eye Adaptation Level Luckiesh-Moss Roberts - Cottrell Meter Waldram Curves) 
Assessment Deduced from Visibility Index Visibility Index Object Background 
of Photographic Photometry of and 


Visibility (Foot Lamberts) “Relative Visibility’? ‘‘Contrast Sensitivity’? Interest Surroundings 
Good One 6.0 10.0 1? 14 
Moderate O25 2.0 4.0 9 9 

Bad 0.01 1.6 Boe 4.4 3.4 


Suppose we have a visual task in which worn metal 
parts, of 30% reflectivity, have to be seen against the 
background of the floor, of 20% reflection factor. An 
illumination level of the order of 2.5 to 3.5 foot 
candles would provide the necessary visual environ- 
ment and also one to which the objects of primary 
interest would be illuminated to a slightly higher 
brightness level than their background. Miners would 
regard as adequate a visual environment in which the 
average brightness in the visual field is as low as 
0.25 foot Lambert, corresponding to an illumination 
level of no more than 1 foot candle on this same 
visual task. 

The I.E.S. (London) Code of Practice quotes 
illumination levels of 5 to 7 foot candles for compar- 
able industrial tasks, while the American I.E.S. Code 
requires even higher illumination levels. 


Glare: Considerable attention has been given to 
the problem of glare in mine lighting, both as to its 
discomfort and disability aspects. Some of this work 
has already been referred to in connection with the de- 
sign of filament lamp enclosures. Other work, mainly 
the determination of limiting permissible brightness 
of fittings for various subjective levels of glare dis- 
comfort, is reported elsewhere.** Within recent months 
a study of glare disability and discomfort from the 
miners cap lamp has been made.’* 

The procedure adopted was to examine the light 
distribution characteristics of the range of miners 
lamps in current use, from which three were selected, 
two being representative of the extremes in light dis- 
tribution — diffused and highly intensity spot — while 
the third was an intermediate type. 

The glare produced by these three distributional 
patterns was then examined, using a visual perform- 
ance technique for the assessment of disability and a 
multiple criterion technique of subjective appraisal 
for discomfort. 

In the discomfort studies, observers were re- 
quired to establish four conditions of discomfort under 
conditions of glare produced by a cap lamp shining 
directly into their eyes. This they could do by in- 


creasing the brightness of their surroundings using a 
hand control, They were required to establish four 
subjective discomfort criteria, — ‘just intolerable’, 
‘just uncomfortable’, ‘just acceptable’ and ‘just 
imperceptible’. 


Results of the cap lamp glare studies: The re- 
sults of the cap lamp glare studies show the extent to 
which the brightness of the surroundings must be 
raised for a defined degree of mitigation of discomfort 
and disability. 

The surroundings brightness necessary to pro- 
duce a ‘just acceptable’ degree of glare from a cap 
lamp of luminous intensity 1000 candle power was 
found to be of the order of 50 foot lamberts, while that 
to produce ‘just uncomfortable’ conditions, (i.e. the 
borderline between uncomfortable and distracting) was 
about 20 foot lamberts. The surroundings brightness 
necessary for ‘just intolerable’ conditions, (i.e. the 
borderline between ‘intolerable’ and ‘uncomfortable’) 
was approximately 4 foot lamberts. It is probable that 
this latter criterion is the only one of any significance 
in mining environments. Similar figures for a cap lamp 
of 500 maximum beam candle power were 30, 10, and 
2 foot lamberts for the three respective criteria, 

It has been possible also to assess the true 
worth of various modifications and attachments to cap 
lamp headpieces, which have from time to time been 
introduced in an empyrical approach to the problem. Of 
these devices most, if not all, are shown conclusively 
to be of little avail. With one exception, when they 
have been shown to reduce glare it has also been 
shown that they have done so only by virtue of the re- 
duction in luminous intensity which is associated with 
their application. The one exception is a yellow 
tinted lens glass which, while having no effect on 
disability, appeared to have a slight effect in reduc- 
ing discomfort, but even here the evidence in incon- 
clusive and further exploration is necessary before 
definite conclusions can be drawn, 
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Appendix |. (a) 


Method of recording underground visibility studies. 


Colliery Gl Task Reference Haulage House No. 1. 


Character of Task and Critical Detail: Driver on main and tail haulage 


engine. Critical visual tasks: — 


Element 1. (a) Rope coiling onto drum. (b) Background-roadway. 


Element 2. (a) Speed control handle. (b) Background-control box. 
Element 3. (a) Reversing handle. (b) Background-green frame. 
Environment: 


Haulage house to dip of passby roadway ahead. Room approx. DAs 
high. Roadway of similar dimensions. Engine offset to R.H. giving uae 
passway to L.H. walls painted lower half red, upper white. Element 4, 
Red wall (L) Red wall Element 5. Red wall (R) Element 6. White Wall 
(L) Element 7. White wall (R) Element 8. Floor— concrete. 


Details of Lighting Installation: 
Tungsten filament lamps in well glasses. 


(1) Highest illumination from lamp 10” high and above driver. 
(2) Similar lamp at height of 10” in front of driver. 
(3) Lamp 25’ ahead, in passby. 


Sketch Plan/Photograph. 


Appendix |. (b) Method of recording underground visibility studies. 
COUliery Task Reference Haulage House No. l. 
Illumination Luminance Hopkinson 
on Levels Cottrell- Waldram 
Task and Task and Adaptation L-M Roberts Seale 
Background Background Level Meter Meter 
Reflection App. Subjective 
Task foot Factors and foot ‘*Visi- ‘“‘Contrast_ Bright- Con- Assessment of 
Elements Foot candles lamberts Characteristics lamberts bility’? Sensitivity’? ness trast Visibility 
1 (a) 4.0 0.4 H°* 0.1 HO* 0.5 3.2 5S 15) 56.6 Good 
0.5 Sed 5.8 6.6 Good 
(b) 3.0 0.15 0.05 8.4 
2 (a) 4.0 0.4 H 0.1H 15 
0.5 Sa 5.0 7.8 Good 
(b) 2.4 0.12 0.05 vf. 
3 (a) 4.0 0.4H OH 15 
0.5 8.0 19 Wa Good 
1.0 0.05 0.05 a 
4 0.52 0.07 0.14 
5 0.55 0.11 0.2 
6 0.68 0.45 0.66 
0.55 0.5 
8 0.84 0.11 0.13 


GENERAL REMARKS: 
*H highlight. 
1(b) Attempts to reduce glare had been made by shi elding well glasses with grease spots. 


3(a) Operation of control handles not entirely necessary by visual location, as driver’s hand in contact durin 
most of hauling period. 


Appendix II. 


ASSESSMENT OF GLARE FROM CAP LAMPS 


The Visual Performance Technique: The ob- 
server was seated at a table in a booth 6 ft. high by 
6 ft. wide, the roof, floor and walls of which could 
be varied in brightness over a range from 0.0001 to 
0.1 foot lamberts. The visual task consisted of the 
identification of the gap in a broken ring (Fig. 1), 
mounted on a target at eye level on the wall of the 


booth opposite the observer and 10 feet away. 
(Fig. 2). 


Fig, 1 —Proportions of Landholt test ring, 
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Fig, 2—Left, plan of booth used for visual performance studies. Right, elevation of booth. 


The target was rotated at a high speed, and then 
stopped by electromagnetic brake in one of eight pos- 
sible positions, at random. 

On the observer’s table were eight switch but- 
tons corresponding to the eight possible positions of 
the gap in the ring. The observer made his assessment 
of the gap position by pressing the appropriate button 
on his table. Electromagnetic counters recorded the 
number of essays and the number of correct decisions, 
the score of visual performance being thus represented 
by the percentage correct. 

Laboratory investigations previously made by 
several investigators have shown that the effect of a 
glare source is to produce a veiling brightness over 
the visual field, thus raising the eye adaptation level 
from say B to £. 

In Neill’s recent work on cap lamps the effect of 
this veiling glare, in increasing the difficulty of per- 
formance of the Landolt ring task, was studied. 

Fig. 3 shows the results for one cap lamp. The 
no-glare line graphs the performance at various levels 
of surroundings brightness in the absence of glare. 
The remaining lines are performance — surround 
brightness characteristics with the cap lamp pointing 
towards the observer at various beam directions, 0° 
being the central axis of the beam and therefore hav- 
ing high luminous intensity. 


T T 
LAMP TYPE 2 3FT TASK 0.93 CONTRAST 
CAP LAMP DEFLECTED BY ANGLE SHOWN 
100 
80 
> O —4 
> 
/ 
40 
a 
a 20 


0,00\ 0.01 


SURROUNDINGS BRIGHTNESS, FT-LAMBERTS 


Fig, 3— Visual performance under conditions of glare 
from a cap lamp. 


The horizontal displacement of the performance 
characteristic to the right of the ‘‘no-glare’’ line is a 
measure of the amount by which the brightness of the 
surroundings must be raised in order to compensate 
for disability caused by the cap lamp glare. That is, 
it represents 3 — B, where f is the eye adaptation 
level under conditions of glare, and B the eye adapta- 
tion level with no glare. 

Fig. 4 summarises the results from all the lamps 
tested, including a number which incorporated various 
modifications in design — filters, frosted lenses, 
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mirror spots at the centre of the lens, etc., all of 
which had been added in the hope of reducing glare 
from the lamp. 


LAMP TYPE 


DISABILITY, FT-LAMBERTS 
fo) 
x 
WwW — 


INCREASE IN SURROUNDINGS BRIGHTNESS 
REQUIRED TO COMPENSATE FOR GLARE 


0.001 


10 100 1000 
LUMINOUS INTENSITY OF GLARE SOURCE , CANDELAS 


Fig, 4—Relationship between (8 ~ B), the increase 
in surrounding brightness required to com- 
pensate for disability due to glare and the 
luminous intensity of the glare source. 


It can be seen that, when 6 — B is plotted 
against luminous intensity in the direction of the ob- 
server, all the points lie close to the same straight 
line, 


where I is the luminous intensity in the direction of 
the observer, 

K = 0.00040 

n = 0.79 


which suggests that the effectiveness of the various 
modifications in limiting disability glare is deter- 
mined by the extent to which they reduce the luminous 
intensity of the glare source in the direction of the 
observer. 


Assessment of Glare Discomfort: Five degrees 
of discomfort are defined enabling four criteria to be 
established. 


DEGREE OF DISCOMFORT 
INTOLERABLE 
UNCOMFORTABLE 
DISTRACTING 


MA 


CRITERION 


A — JUST INTOLERABLE 


B —JUST UNCOMFORTABLE 


C — JUST ACCEPTABLE 
D — JUST IMPERCEPTIBLE 


Fig. 5— Discomfort glare criteria. 
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The observer sits with his head located by head 
and chin rests, and fixes his eyes on a small red tar 
get light below the cap lamp glare source. The bright- 
ness of the glare source is fixed for the experiment 
by the controller, and the observer is required to 
adjust the brightness of the surroundings. 

After a period of adaptation the observer was 
told to increase the surroundings illumination, by 
means of the variable transformer, through the full 
range, and to give a verbal indication to the con- 
troller when he estimated that each criterion was 
reached. Three observers made nine estimations for 
each lamp tested. The results were subjected to a 
statistical analysis and plotted. 

Fig. 6 shows the results for a lamp with four 
alternative lenses, giving a maximum beam intensity 
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Fig. 6—Glare discomfort from miners cap lamps. Re- 
lationship between maximum beam candle 
power of lamp and brightness of surroundings 
for various degrees of discomfort. 


ranging from 150 to 1000 candle power. When the sur- 
roundings have a brightness of 4 foot lamberts the 
25/1 etched lens of 200 c.p. is only slightly uncom- 
fortable, while the clear lens giving 1000 c.p. pro- 
duces intolerable discomfort. The surroundings would 
have to be raised in brightness to about 20 foot lam- 
berts before the 1000 candle power beam could be 
regarded as only mildly uncomfortable. 
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21. 


ANALYSIS OF EXPLOSIVE ACTION IN 
BREAKING ROCK 


Engineering of blast designs — as for green-pitting or blanket blasting — will 
contribute significantly to lower breaking and related costs; by improving frag- 
mentation, control of throw, better choice, and placement of the explosive. 


A method of analyzing blasting action indicates 
that major cost savings are possible by revising prac- 
tice and bringing the classical blasting formulas up 
to date; difficult problems such as taconite and 
throw-breakup can be attacked by engineering 

Denonation pressure — the peak pressure de- 
veloped by the explosive reaction; “‘shatter blast- 
ing.” 

Average detonation pressure — the average 
pressure over the time the reaction continues; 
‘theave blasting.” 

Radial pressure — the stress in a radially ex- 
panding sphere about the detonation. Corresponds to 
the diminishing peak pressure. 

Lateral stress — the stress in a circumferential 
direction, induced by outward movement of the rock 
away from the detonation. 

Limiting stress or Sjjm — the rock property at 
which failure will occur in the case at hand; may be 
tensile or compressive strength, or combinations. 


Recent developments in explosives technology, 
following the advent of nuclear explosions, have led 
to a rather complete understanding of their action. A 
survey was made for the purpose of uncovering any 
knowledge which might be applicable in the mining 
and quarrying industries, the principal users of ex- 
plosives. Although no revolutionary techniques have 
become apparent, much basic data pertaining to blast- 
ing — fortunately not classified — have been devel- 
oped by recent research, from which a good general 
understanding of the process can be derived. It is 
hoped this explanation of the scientific principles 
governing explosive action, together with a proposed 
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by Paul L. Allsman 


analysis of blasting practice, will further the devel- 


opment of mining engineering. 


NATURE OF THE REACTION: The phenomenon 
of explosion, termed detonation, is in reality a rather 
complex chemical reaction, and as such is completely 
explainable by physical and chemical laws. Detona- 
tion is characterized by high temperature and pres- 
sure, extreme rapidity — often being complete within 
one microsecond — and most importantly by formation 
of a shock pulse which accompanies the reaction 
zone. As with any chemical reaction, there is a 
critical value of temperature and pressure below 
which detonation can not occur; this is termed the 
‘‘critical point’’, 

Whereas an explosive substance will decompose 
slowly at ordinary temperature, with the formation of 
gases which readily dissipate; at elevated tempera- 
ture the reaction is considerably speeded. If pressure 
is suddenly applied at some point in an explosive 
medium, adiabatic compression results, and the tem- 
perature is locally raised. When the temperature be- 
comes high enough the decomposition will be so rapid 
that the gaseous products do not have time to dissi- 
pate, but contribute to a further build-up of pressure. 
This, in turn, furthers adiabatic temperature rise over 
a widening area, and with any heat generated by an 
exothermic reaction, causes a rapid increase in tem- 
perature. Both temperature and pressure are spontan- 
eously built up in this manner until the critical point 
is reached, resulting in detonation. 

The values of pressure and temperature neces- 
sary to create detonation are established by the 
unusual nature of the process. If temperature alone 
is raised above the critical point, without sufficient 
increase in pressure, deflagration or ‘‘low-order de- 
tonation”’ occurs. In the true, or “‘high-order detona- 
tion’’, the shock pulse resulting from the violent 
decomposition becomes an integral part of the reac- 
tion, and itself aids in increasing the detonation 


pressure, thereby causing a yet faster reaction. The 
critical pressure is defined as that which causes the 
reaction to travel through the explosive with the same 
velocity as the shock pulse; it is readily computed 
mathematically.* In practice pressure and temperature 
will increase past the critical point, so that the de- 
tonation velocity exceeds that of the shock pulse, 
whose effect is thereby lessened. The shock pulse 
thus acts like a governor on the accelerating reac- 
tion, establishing an equilibrium process which pro- 
ceeds at uniform velocity. 

In theory any reactable substance could be made 
to detonate, by increasing the reaction rate to equal 
the velocity of the shock pulse created. However, for 
non-explosives the required conditions can not prac- 
tically be achieved. But for a number of combustible 
substances, if the surface area is greatly multiplied 
by making the particle size very fine, ignition can 
occur fast enough to carry into the detonation range. 
This is not because the burning in any spot is faster, 
but because the reaction is completed in the very 
short time required for detonation due to the increased 
surface area upon which burning takes place. Such is 
the character of industrial dust explosions, as in 
flour mills and coal mines. In any case, substances 
utilized as explosives are those for which the detona- 
tion reaction is within a safely produceable range. 

For any explosive, a certain amount must react 
to generate the minimum quantity of heat and other 
requirements of detonation. This amount is defined 
as the ‘‘critical mass’’, below which it is impossible 
to achieve detonation conditions even though the reac- 
tion is completely instantaneous. In a column of ex- 
plosive the effective mass is proportional to the 
diameter of the charge, thus a “‘critical diameter” 
also exists for each explosive, below which detona- 
tion can not propagate. 

Although explosive substances will vary, the 
zone within which the reaction is complete is often 
very narrow, expressed as being a few molecules in 
thickness. Ahead of this detonation front lies undis- 
turbed explosive, behind it are the gaseous reaction 
products. Within this zone temperature and pressure 
quickly reach a peak value, termed the “‘spike’’, 
dropping off more slowly to the rear. These values 
have also been calculated.’ The detonation zone is 
conveniently described as a wave, moving radially 
outward from the point of initiation. In most explo- 
sive charges of limited thickness it quickly ap- 


proaches a plane shape. 


INITIATION OF DETONATION: In commercial 
practice the explosive is a relatively inert substance, 
not readily detonated except by a severe shock. The 
detonator is a much more sensitive compound, capable 
of being detonated by application of heat from fuse or 
electricity. Its purpose is simply to apply pressure 
which will initiate the reaction in the explosive. 

The nature of this detonating pressure is of the 
utmost importance. Simple hydrostatic pressure has 


no effect on an explosive, unless it is applied so 
rapidly as to create adiabatic compression. But a 
sharp jab with a pointed object could conceivably 
create sufficient adiabatic temperature rise over the 
critical area to initiate detonation in a sensitive ex- 
plosive. The critical factor for simple initiation of 
detonation is the speed of the blow. Thus detonating 
compounds may be set off by dropping, scratching, or 
rubbing several grains together. 

In practice the force of the blow is also found 
to have a considerable effect, because of the subse- 
quent character of the shock pulse. As has been ex- 
plained, the ‘‘drag’’ of the shock pulse on the build- 
up of the detonation reaction is what limits the final 
detonation velocity. The shock pulse resulting from a 
stronger detonator will have a slightly higher velocity, 
creating then a higher detonation velocity in the ex- 
plosive. Since the strength, or usefulness, of 
an explosion varies greatly with the detonation 
velocity attained, use of the most powerful 
detonator and booster feasible will usually be ad- 
vantageous. 

Another important factor controlling the effi- 
ciency of explosives is density. Greater density re- 
sults in more energy released per unit volume, conse- 
quently in a higher detonation pressure and velocity. 
Generally the highest density obtainable is desired, 
although it is possible to ‘‘dead press’’ the explo- 
sive to the point where detonation cannot occur. As 
density is increased the critical pressure is also 
raised, and may reach a point that is impossible to 
attain, even with a completely instantaneous reac- 
tion. A denser explosive will require a more power- 
ful detonator for initiation. 

A third means of increasing explosive effective- 
ness is by increasing the external confinement around 
the charge. This allows a higher detonation pressure 
to build up before movement of the confining material 
occurs, which results in a stronger initial shock 
pulse and a higher detonation velocity. Stemming a 
charge is an important means of increasing external 
confinement. Any voids around a charge will materi- 
ally lessen the detonation pressure; consequently the 
explosive chamber should be completely filled and 
the charge tamped. 

Cavities within the explosive media will be 
collapsed by the detonation pressure. The pressure 
at the center of a spherical cavity which is collaps- 
ing from all sides approaches infinity. Consequently 
many points of extreme pressure are developed by the 
minute voids in a granular explosive, which aid ma- 
terially in propagating the reaction, For this reason 
a granular explosive is more effective than a liquid 
or plastic type without intergranular voids. ‘T’amping 
and pressing do not adversely affect this kind of 
cavity. 


ANALYSIS OF EXPLOSIVE ACTION 
THE SHOCK FRONT: The shock pulse, which 
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plays such an important role in the detonation reac- 
tion, is of equal importance to the effectiveness of 
the explosion. The classical explanation of a shock 
pulse is made utilizing a cylinder of infinite length, 
filled with air at atmospheric pressure, and fitted 
with a piston at one end,’ Ifa light tap is given the 
piston, a simple wave is created which travels the 
length of the cylinder with the velocity of sound, If a 
steady push is applied to the piston, the air in front 
cannot instantaneously move down the length of the 
cylinder. Rather the air immediately in front is com- 
pressed, and as the push continues compression ex- 
tends farther down the tube, resulting in a moving 
discontinuity in pressure; a shock front. 

A shock pulse is not merely the transference of 
a disturbance from molecule to molecule in an other- 
wise quiet media, as is the nature of sonic waves. 
Rather the molecules behind a shock pulse attain 
some finite forward velocity, and this is transferred 
at a rate dependent on the intensity of the pulse. The 
shock front velocity is greater than the sonic velocity 
in the gases ahead of the pulse, by the amount of 
finite velocity of the gas particles. But in the denser 
media behind the shock front the sonic rate exceeds 
the pulse rate, as the particles transferring the dis- 
turbance are moving at the same finite rate as the 
shock pulse, plus the added increment caused by the 
disturbance. 

When the piston is stopped, the shock pulse will 
continue down the tube; however, a rarefaction wave 
is then created at the piston, which pursues the shock 
pulse at sonic velocity. Hence, it will always over- 
take it, reducing it to a simple sonic wave, and re- 
storing atmospheric pressure in the cylinder. 

The effect of a detonating explosive is similar 
to the foregoing analogy. The violent pressure rise in 
the reaction zone creates a shock pulse, transferred 
into the surrounding media. However, the rapidly fall- 
ing pressure and cooling gases immediately behind 
the reaction zone create a rarefaction wave, which 
soon overtakes the shock pulse and reduces it to a 
severe sonic wave. The effect of the shock pulse 
from an unconfined charge is thus quite limited, 
whereas the rarefaction wave, which propagates for 
considerable distances, is the cause of much damage 
in air blasts. 

With the nearly perfect confinement of an under- 
water explosion the following action is known to 
occur:> The major effect of the extreme detonation 
pressure is to induce a mass-velocity in the detonat- 
ing gases, diverging radially from the initiation point. 
This creates a vacuum at that point, which generates 
the rarefaction wave characteristically following the 
shock pulse, The vacuum next induces a reversal in 
the mass-velocity of the gases, back toward the initia- 
tion point, and this spherical collapse creates a sec- 
ond shock pulse and attendant rarefaction wave. Ten 
such high frequency oscillations in pressure have 
been noted underwater. 

With the far less perfect confinement afforded by 
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rock, it is reasonable to assume that at least several 
such pressure oscillations occur; until the enlarging 
cavity, and cooling and escaping explosive gases, 
retum the pressure to normal, Thus a series of shock 
pulses are sent into the surrounding rock, the oscil- 
lations being over in a much shorter time than is re- 
quired for the first movement of material at the surface 
to occur. 

A shock pulse passing through a medium induces 
movement in the direction of travel, as required by the 


law of conservation of mass: 


(1) 


u = cv 
where 
u = mass-velocity imparted 
c¢ = compression due to shock pressure 
v = shock propagation velocity. 


The action is effective while the shock pressure ex- 
ceeds the yield strength of the material. Below this 
the shock pulse becomes an elastic wave. The 
stresses resulting from the combination of shock pres- 
sure and induced rock movement are the chief cause 
of fragmentation in blasting. 


CRATERING ACTION IN SOILS:° The results 
of a point charge detonation at moderate depths in 
hard dry soil furnish important experimental evidence 
regarding blasting. The effect of the successive shock 
impulses at the soil-explosive boundary is to imparta 
radial mass-velocity to the soil particles. Conserva- 
tion of energy requires that the pulse pressure dimin- 
ish as the inverse cube of the radius of the expanding 
spherical shock front. Since the soil begins moving 
outward, each successive pulse reaches the soil par 
ticles at a greater distance from the center of disturb- 
ance, and consequently at a lower pressure. Each suc- 
ceeding pulse is also weaker at initiation because the 
gas pressure is dropping rapidly due to cooling and 
expansion. Another effect of the radial mass-velocity 
of the soil is to collapse any voids in the media, 
thereby further damping the pulses. 

The stresses induced in the soil by the initial 
pulse are, first, a severe compression in a radial 
direction, and second, a moderate compression in a 
lateral direction. From the hoop-stress theory of 
mechanics the stress relation at the shock front is 
derived as: 


(2) 


where R. = radial stress, R, = lateral stress, and 

n = Poisson’s ratio. The radially diverging mass- 
velocity results in a constantly increasing series of 
tensional increments in the lateral direction. At the 
same time the radial compression is decreasing rather 
quickly, producing a rapidly varying stress relation 


|_| 


as the pulse passes over. 

In the special case of soils, failure depends on 
the physical character of the soil. With a damp, duc- 
tile, or soft soil, the failure is by flowing, dependent 
on the yield point of the material. But if the soil is 
sufficiently dry, brittle, or hard the yield point value 
exceeds the fracture point, which is a constant for a 
given material, and independent of the time duration 
of stress. For usual combinations of stress the frac- 
ture point will be the tensile strength. To achieve 
fracturing in soils the yield point must be consider- 
ably higher than the tensile strength, and the shock 
pressure must be at least several times the tensile 
strength. 
Analyzing the composite stresses will enable a 
prediction of the fracture pattern, as illustrated in 
Figure 1. Adjacent to the charge the radial shock 
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Fig. 1 — The mechanism of rock fragmentation. 
c is compression due to shock pressure; v is 
shock propagation velocity; R, is radial 
stress; R; is lateral stress; and n is 
Poisson’s ratio. 


pressure induces a high compressive stress, and a 
lateral stress which is at first compressive, and then, 
as radial movement begins, falls to zero and becomes 
a small tensile increment. When the frontal pressure 
is very large the soil will be thoroughly pulverized by 
a series of intersecting fractures at 45 deg. 

At a radial distance rz the pressure of the ex- 
panding shock front has fallen to a fraction of the de- 
tonation pressure. As the material moves from rz to 
r>', the arc length sz increases to sj', thereby induc- 
ing considerable lateral tensile stress. The combined 
stresses in this intermediate case are conveniently 
analyzed by a Mohr’s diagram, and produce two sets 
of very oblique fractures. 

At a greater distance r3 the radial pressure has 
become small, but spherical expansion creates lateral 
tensile increments of greater magnitude than at rp. 
These are the cause of fractures essentially radial in 
direction. 

Since the frontal pressure decreases rapidly, 
and with high explosives is initially much greater than 
the value needed for compressive failure, there are 


three general areas of broken soil about the detona- 
tion; an inner core of compressive pulverization, an 
intermediate area of obliquely fracturea material, and 
an outer zone of large, radially broken pieces. 

Field observation indicates a complete gradation 
from hard, dry, brittle soil into weak, poorly consoli- 
dated rock on into strong, well consolidated rock. 
Uniformly spaced and loaded holes in such variable 
material were observed to produce fragmentation 
ranging from finely broken dirt, to small and medium, 
1 in. to 5 in. angular fragments in weak rock, to large 
radially broken, 10 in. to 20 in., blocky pieces in 
competent rock, whereas very strong igneous inclu- 
sions remained unbroken. Livingston has also de- 
scribed fracture patterns produced in frozen ground’® 
and in rock, which correspond in detail to those 


described. 


DETONATION IN A DRILL HOLE: In Figure 
2, the shock pulse has the form of an advancing cone, 
and is defined by the equation: 


angle a = tan-! (3) 
where 
V = sonic velocity in the rock 


D 


The shock strength varies as the inverse square of 
the radial distance from the hole. Thus a detonating 


ll 


detonation velocity. 


column of explosive utilizes the dimension of detona- 
tion velocity; a point charge does not. 

In every explosive charge a relief wave is ini- 
tiated by arrival of the shock pulse at the atmos- 
pheric boundaries, and this travels back through the 
media as a tensile wave, returning the pressure to 
normal. The detonation action is terminated by arrival 
of the relief wave. In a drill hole where stemming is 
used, the shock pulse must continue through the 
stemming to the collar of the hole before the relief 
wave begins. Thus the effective detonation time is 
increased by the use of stemming; however, as pre- 
viously mentioned, the chief value of stemming is to 
provide greater external confinement around the charge. 

The reflection of the shock pulse in tension may 
produce spalling at the free face, by the same mech- 
anism as the well described scabbing in steel plates.‘ 
As the shock front travels through the rock, its im- 
pulse is resisted by the inertia of the rock mass. But 
forward movement of the last layer of rock particles 
is resisted only by the ineffective mass of air. Thus 
the forward springing rock particles create a tensile 
stress at this surface, which is reflected as an elastic 
wave back through the rock. 

Angle B is the angle of incidence and reflection 
of the shock pulse at the free surface. In Figure 1 the 
compressive pulse stress and equal reflected tensile 
stress are resolved into components. The components 
parallel to the face cancel, whereas those normal to 
the face are additive. For most effective tensile slab- 
bing at the face, 8 should approach zero. 
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On the generally uneven face the jutting projec- 
tions are liable to be broken off, producing fly rock 
which may attain considerable velocity. But in gen- 
eral, the tensile stress built up by consecutive 
shock pulse reflections causes failure parallel to the 
face. This mechanism has been described as ‘‘forma- 
tion of the first slab’’. ‘” *° In particular, much di- 
rect blasting research by the U. S. Bureau of Mines 
has demonstrated the effectiveness of tensile slab- 
bing in breaking rock, and has convincingly shown 
the lack of effect of the “‘gas bubble”’ in small 
charges.” 

Along the periphery of the hole in strong rock 
is a narrow zone of compressionally pulverized rock, 
as often observed in blown-out holes. It is convenient 
to compare the limit of this zone with,.the compres- 
sive strength of the rock. However, under high hydro- 
static pressure, a condition approached in this case, 
rock has a pronounced tendency to flow plastically. 
The exact mechanism of compressive failure under 
these conditions is not understood, but in effect the 
compressive strength is greatly increased; with ex- 
plosive pressures in soil a tenfold increase was 
indicated. 

If no movement is imparted to the rock by the 
shock impulses, no tensile failure car’ occur. How- 
ever, toward the face movement does occur, and the 
mass of rock to be moved, or in effect the burden, is 
thus an important variable determining the amount and 
type of fracturing produced. Wher: a hole blows-out 
the oscillating pressure pulses are terminated be- 
fore sufficient movement is induced to achieve ten- 
sile fracturing. 

The theory of elasticity, according to Griffith, 
indicates that when the pulse pressure is greater 
than three times the lateral stress, failure will occur 
at a value below the tensile strength of the rock.® 
Thus the limit of the zone of oblique fracturing is 
given by: 
Re = 3R, = 0 (4) 

When the pulse pressure is less than three 
times the lateral stress, the action of combined 
stresses is ineffective and failure occurs solely due 
to tensile stress. It is difficult to calculate an outer 
limit for radial breaking, because tensile stress will 
increase with time as the momentum of the rock away 
from the charge is maintained. 

The area of oblique fracturing will be propor- 
tionally wider around a column charge than around a 
point charge, since deterioration of shock pulse 
pressure is not as rapid. In the outer zone radial 
breaking is produced primarily in only one direction 
by an expanding cone, instead of two as by an ex- 
panding sphere. Fragmentation in the outer zone is 
thus not as effective with a column charge as with 
a point charge. 


EXPLOSIVE STRENGTH AND ROCK 
STRENGTH: In practical dealing with rock it is 


natural to estimate strength by the most obvious phy- 
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sical characteristic, hardness; closely akin to com- 
pressive strength. However, an analysis shows that 
in blasting tensile strength is the most important 
rock property. Fortunately the ratio of tensile to com- 
pressive strength does not vary greatly in rocks. 


Table I. PHYSICAL PROPERTIES OF ROCK™ 


Strength, psi. Rock Sonic 
Rock, Type Tensile Compressive Density Velocity 


pef.(w) fps. (V) 
Greenstone 1,000 40,000 187.2 17,000 
Limestone 480 20,000 143.5 6,000 


Sonic velocity is seen to vary roughly as does 

rock strength; the following definitions can be made: 
Hard or strong rock; high S¢, high Sz, high V. 
Soft or weak rock; low Sc, low Sz, low V. 

Generally speaking the detonation pressure of 
an explosive varies with the detonation velocity. Con- 
sequently Eq. 3 becomes a useful parameter for blast- 
ing practice. When a is large, the shock impulse is 
directed normally to the free face, inducing more rock 
movement and better fragmentation. However, if ais 
large the detonation pressure will usually prove to be 
too low to cause effective fragmentation of the gener- 
ally stronger rock. 

On the other hand, when a is small the detona- 
tion pressure is usually ample for good fragmentation 
of the weaker rock; however, the pulse force is di- 
rected normally to the hole axis, into an infinite mass. 
Rock movement and consequent fragmentation would 
be ineffective with the charge geometry shown in Fig. 
2. The explosive will often prove to give effective 
fragmentation if a roughly approximates 45 deg. 
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Fig. 2 — Analysis of detonation in a drillhole. 
Note: Small fracture intersections vary from 
90° near hole to 45° intermediately to nearly 
0° further from hole. 

In coal a is sometimes made very small, with re- 
liance on an undercut or overcut to allow movement in 
a direction parallel to the face. The low strength of 
coal leads to use of very low velocity explosives, such 
as cardox, in the attempt to avoid compressive pulver- 
ization and consequent fines, andinduce all fragmenta- 
tion in the zone of coarse radial breaking. 

With the pulsed infusion method of blasting, water 
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is injected into the strata under pressure preceding 
detonation. This gives the strata a higher V, which 
increases the mass-velocity induced, but does not 
increase the actual Sz. Stronger explosives may be 
used without a becoming small, and the shock im- 
pulse is more effectively directed toward the free 
face. All of this results in very effective fragmenta- 
tion. In addition the hydrostatic pressure is quite 
effective in increasing the external confinement of 
the charge, and may even increase its density. Per- 
haps most important, the extreme deterioration of the 
pulse pressure due to crossing voids in fractured rock 
is largely eliminated. 

The problems of breaking brittle and tough rocks 
illustrate some important deviations from the simpli- 
fied explanation preceding. In actuality, simple ten- 
sile failure varies with the speed of stress applica- 
tion, being always accompanied by more or less 
plastic deformation. Whereas the fracture point value 
remains constant, the yield point of a material varies 
considerably with the duration of stress application. 
Under rapid explosive stressing conditions it be- 
comes quite high, and the fracture point generally be- 
comes the means of failure. The effect of plastic flow 
is to raise the apparent fracture point. 

““Brittle’’ rocks are those with little tendency to 
flow. The duration of stress application has no effect, 
and only the total stress reached is significant. Most 
rocks fall into the brittle range; consequently in 
choosing an explosive the detonation pressure is of 
chief importance, chosen to vary with rock strength’. 

On the other hand, a ‘‘tough”’ rock undergoes 
considerable plastic deformation, yet retains a high 
tensile strength. The time duration of stress becomes 


very significant, and failure may be induced either by.’ 


a prolonged stress, causing ductile flow, or by-a * 
stress applied rapidly enough. to cause brittle frac- 
ture before’ yielding occurs. This calls for an explo- 
sive with both a high detonation velocity and a pro- . 
longed detonation pressure; a rigorous specification. 


ANALYSIS OF BLASTING PRACTICE « 


Based on the foregoing explanation of the ac- 
cepted theory of explosive action, the following 
analysis of blasting practice is proposed: 

The explosive action which induces fragmenta- 
tion independently of time is termed “shatter blast- 
ing’’. With low strength explosives the gas bubble 
resulting from the detonation contributes a significant 
increment of impulse, and the-time duration of this 
pressure becomes of increasing importance. The re- 
sulting rock movement induces radial breaking; this 
is termed ‘‘heave blasting’. 


Oo 


BURN-CUT ROUNDS: In Figure 3a, the cut 
holes (0) break into the central free hole. There are 
two requirements for the cut holes; the rock must be 
broken fine enough to allow expulsion from the cut, 
which occurs with considerable force, and the free 


Table II. 
SHATTER BLASTING PROPERTIES 
OF EXPLOSIVES** 


Explosive Detonation Maximum Loading 
Velocity, Detonation Density, 
fps. (D) Pressure, pef. 
psi. (P) 
60% gelatin 19,700 2,200,000 90.0 
40% gelatin 16,700 1,900,000 86.6 
Prilled NH,NO, 6,400 420,000 61.2 


space must be sufficient to allow expansion of the 
broken rock. Neglect of either requirement will cause 
clogging, or “‘freezing’’, of the cut. Hole spacing is 
limited by the zone of compressive pulverization. 

As the cut becomes progressively larger, re- 
lievers (2) and trimmers (3) can be spaced farther 
back to more fully utilize both the zone of oblique 
fracturing and the detonation energy. The lifters (4) 
must provide a strong enough shock pulse to impart 
an effective velocity to both the normal rock burden 
and the incumbent muck pile, and thus are loaded 
more heavily. The shock pulse entering the muck pile 
may throw some rock a short distance, but is gener- 
ally ineffective as it is rather quickly damped by the 
many voids. The momentum of the underlying rock 
provides the chief impulse for moving the muck pile. 

The explosive will develop the detonation pres- 
sure over the area of the drill hole. Then the ratio of 
detonation pressure to desired limiting stress must 
equal the ratio of hole area to required zone area. 


_ From this the burden is; 


li (5) 


Slim. 


where b = required zone radius, or burden, d = drill 
hole-diameter, P = detonation pressure, and Slim, 
= desired limiting stress. 

Time for arrival of the relief wave, in a slab- 
bing hole, is: 


(6) 


where 7 = effective detonation time. 


EXAMPLE: A 60% gelatin is used in a greenstone 
in 1% in. dia. holes. 
17,000 
— |] —2—_ = 
From Eq. 3: a = tan 19,700 41 deg. For the cut 
holes, (0), if S;;m is taken as 10S,, Eq. 5 gives: 


2,200,000 
= x 
10 x 40,000 2 


lievers (2), Szim, is taken as 30S;, an assumed value 
based on experience in this rock. Similarly, Eq. 5 
gives b = 6 in. For the trimmers (3) and lifters (4), 


For the re- 


= 1.8 in. 
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Stim, is taken as the limit of oblique fracturing, 
which was derived as 3S; by Eq. 4. Then Eq. 5 
gives b = 21 in. At this spacing Eq. 6 gives: 

12 17,000 
the detonation pressure has only fallen to about 
1,000,000 psi., thus the explosive energy is not fully 
utilized. 


= 206 microsec. In this time 


V-CUT ROUNDS: A V-cut, Fig. 3b, induces im- 
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Fig. 3 — Analysis of development rounds. Formulas: 
Sc is rock compressive strength; S; is rock 
tensile strength; 7 is effective detonation 
time; d is buwden on hole; d is charge (hole) 
diameter; and P is detonation pressure. 


portant tensile slabbing at the face in conjunction 

with the normal fragmentation. Because of the 

geometry of the round there is ample room for the 
broken rock to move, fall, or roll from the cut area, pro- 
vided sufficient time is allowed between detonations. 
Fineness of fragmentation is thus not as important as 
in a burn-cut. 

Beyond the limit of oblique fracturing by the cut 
holes (0), both radial breaking and tensile slabbing 
combine in fragmentation, although large, slabby 
pieces are generally produced by this area of the 
round, Maximum burden on the relievers (2) will be at 
the end of the hole, benind the cut, where radial break- 
ing is ineffective. However, the relievers will also 
induce some tensile slabbing into the cut. 


EXAMPLE: A 40% gelatin is used in 1% in. dia. holes 


in a limestone. 
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6,000 
16,700 20 deg.; low for 


any but a V-cut. For maximum slabbing the cut holes 
(0) should be angled at a. If they are angled at 60 
deg., 8 = 40 deg., which will create effective slab- 
bing. Tensile slabbing is limited by Sg then 


St [ 1,900,000 x .766 
= From Eq. 5: b= 180 


x 2 = 4] in. Hole collars could be 82 in. apart, 
giving a cut depth of 6 ft. Spacing of relievers (2) 

and trimmers (3) is limited by the zone of oblique 
fracturing, With the lower strength explosive some 
plastic flow is assumed to occur, raising the apparent 
St; for this reason S]jm, is taken as 45S;. Similarly, 


Eq. 5 gives b = 24 in. 


From Eq. 3: a = tan-/ 


NO-CUT ROUNDS: No-cut rounds consist of 
parallel holes detonated at nearly the same time, 
utilizing either simultaneous timing or millisecond 
delays. Their action is difficult to explain, since 
measurements show that even with delays of the same 
number manufacturing variations result in a greater 
time interval between detonations than the duration of 
any effective vibrations. 

The mechanism of fragmentation in a no-cut 
round is somewhat different than for the general case. 
If the detonations occur exactly simultaneously, the 
resulting stresses could conceivably enhance one 
another, But more likely each detonation will produce 
separately the normal fragmentation pattern illustrated 
in Figure 2. Since the rock does not move far between 
successive detonations, several patterns of different 
orientations are superimposed in a given area. Design 
of rounds to deliberately induce successive stress 
patterns at approximate right angles has given not- 
able fragmentation results.” 

The rock attains a definite increment of momen- 
tum toward the face from each successive detonation, 
which is maintained even though the oscillating pres- 
sure pulses completely die out between detonations. 
Since the impulse given each particle may be repeated 
several times, the rock is generally thrown farther 
than by other types of rounds. Referring to Eqs. 1 and 
4, since u is higher R¢ will increase more rapidly. 
This will be conducive to a wider zone of oblique 
fracturing if Re can be correspondingly increased 
with a stronger explosive. 

For a 60 pct. gelatin in 1% in. dia. holes in 
greenstone, the limit of oblique fracturing was calcu- 
lated as 21 in. In a no-cut round, considering over- 
laps the hole spacing could be increased to about 28 
in. If the holes were much more widely spaced, insuf- 
ficient momentum would be induced to move rock from 
the area, 


SLABBING ROUNDS: A slabbing hole is 
parallel to one or more tree faces, which is generally 
considered the most effective geometry for blasting. 
Slabbing rounds consist of several rows of uniformly 
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spaced holes, and are utilized for nearly all stoping 
and much quarrying. The shatter action of a bum-cut, 
V-cut, or no-cut is primarily to develop slabbing holes 
for the latter part of the round. 

Detonation produces a uniform pattern of frag- 
mentation around the hole, unlike the distorted pat- 
tern in Figure 2, and tensile slabbing may be made 
quite effective. 

A cheaper, low velocity explosive might be used 
to enhance tensile slabbing. However, a finer frag- 
mentation than that resulting from slabbing is often 
desired, and charges are then designed to increase 
the effectiveness of shatter blasting. For this purpose 
a higher strength explosive is required, and burden is 
limited by oblique fracturing. 

With the same loading factor holes may be wide- 
ly spaced with heavy charges, or closely spaced with 
lighter charges. Shatter is promoted by the closer, 
lighter charges because of fuller coverage by the 
zones of oblique fracturing. Heavy charges will have 
much of their affected area in the coarse, radially 
broken zone, but require less drilling. 

The center holes of a row may be fired first, 
thus producing two parallel faces for the end holes to 
break to. This is advantageous only if the charge is 
designed specifically for tensile slabbing, as normal 
fracture varies principally according to the burden. 
Firing all holes in the row simultaneously may im- 
prove shatter through the interaction of superimposed 
stresses, as in no-cut rounds. 

In the blasthole stoping method, developed in 
Canada, larger burdens on rings of holes approach 
those used in bench blasting. Because of the conse- 
quently longer time for relief wave arrival, and by 
combining the fragmentation mechanisms of radial 
breaking, tensile slabbing, and simultaneous detona- 
tions, a high efficiency of explosive utilization is 
achieved. In this case heave properties are made ef- 
fective, and the duration of the action is long enough 
for simultaneous detonations to enhance the stresses 
causing breaking and slabbing.” 


COLUMN-LOADED BENCH BLASTS: Bench 
blasts are large scale rounds in which the major 
characteristics of the formation, such as joints and 
bedding, become of importance. A column-loaded 
blast is a slabbing type round, Figure 4a. 

When the column is detonated from the bottom, 
the shock impulse is directed upward into the burden. 
The bank begins to move outward at the toe, allowing 
the material higher up to move downward from gravity, 
which in conjunction with shock fragmentation en- 
hances its general breakup. 

In a deck-loaded hole detonated from the top by 
primacord, the shape of the shock pulse and relief 
wave is reversed. The shock impulse is directed 
downward, unless a is very small, and hence cannot 
create fracturing near the bottom of the hole. The in- 
dividual charges approximate a series of point detona- 
tions rather than a linear detonation, which lessens 
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Fig. Analysis of bench blasts. is field constant 
based on experience; ¢ is duration of impulse; 
hlim is limiting bank height; g is gravitational 
acceleration; U is rock velocity; W is charge 
weight; w is rock density; a is charge spacing; 
m is depth below grade; and J is length of stem- 
ming—a), is column-loaded blast; b), is coyote 
blast. 


the shatter effect. When holes in the row are detonated 


consecutively by a primacord trunk line, instead of 


simultaneously, any advantage due to superimposed 


fracturing is reduced, 
The heavy shock impulse entering the rock be- 


hind the charge causes compressive strain. Release 
of this creates tensile stresses which can result in 


back slabbing. The joints, cracks, and fissures in the 


rock also allow a certain amount of movement behind 


the charge, which may be the cause of some back 


shatter — proportional to the movement possible. 


Tensile slabbing at the face is generally unde- 


sirable, since it causes fly rock. It is reduced by care- 
ful loading of the hole in proportion to burden to just 
achieve fragmentation, but not allow emergence of a 
strong enough shock pulse at the face to cause slab- 


bing. A general indication of this condition is lack of 


noise, the widely accepted criterion of efficient 


blasting. 
Weight of charge is proposed as a more accurate 


measure of explosive than charge diameter for large 
scale blasts. Since charge weight varies as the 
square of the diameter, Kq. 5 becomes: 
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P 
Omin. kW (7) 
where bin, = minimum allowable burden, k = field 
constant, varied from experience, and W = charge 


weight. 

EXAMPLE: A 40% gelatin is used in 6 in. dia. holes 
in a limestone. From Eq. 3 as before: a = B = 20 
deg.; satisfactory in a bench blast. To avoid tensile 


900,000 X .940 
slabbing, Eq. 5 gives: bmin, = y 1,90 000 
x2 = 15 ft. Eqs. 5 and 7 should give the same re- 


sult. W = 86.6 7(.25)? = 17 |b. per ft. Then from 
15? x 480 

Eq. 7: k = 1,900,000 x 17 x .940 ~ .0036. Eq. 6 

gives T = 5 ms., which is sufficient time for full 

utilization of the explosive pressure. 

The character of the detonation reaction im- 
poses no limit on the height of bank which may be 
broken by column-loaded blasts. The minimum burden 
calculated to prevent tensile slabbing is also about 
the limit of effective fragmentation by shatter blast- 


ing. 


In a large bench blast the heave effects become 
important, and the breakup induced by the resulting 
momentum allows calculation of a greater burden. The 
velocity imparted to the rock must vary inversely as 
the mass moved. The gas pressure then becomes of 
greater importance as the mass is increased, because 
it provides an effective impulse longer when the rock 
velocity is lower.°® 


Table II. 
HEAVE BLASTING PROPERTIES 
OF EXPLOSIVES * 


Average 
Detonation Duration of 
Explosive Pressure, psi. (p) Pressure, sec. (t) 
40% gelatin 260,000 .006 
Prilled NH,NO, 263,000 .006 


The principle of conservation of momentum 
equates impulse and momentum. Thus: 


Impulse = nw b? U 


where 7 w b? = mass of cylinder of height 1 ft., 
w = rock density, 6 = radius of cylinder of rock 
assumed moved, and U = rock velocity desired, 
varied from experience. 

Then the maximum possible burden for bench 


blasting is: 


where Impulse = p t x (area of chamber), and % = 
estimated efficiency of impulse. 


In actuality the impulse is not due to the gas 


Impulse X % 
nw U 


(8) 


bm ax, 
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pressure alone. The shock pulse also contributes a 
kinetic increment, which is independent of time. It 
may be important, however, with low velocity explo- 
sives little error will be introduced by neglecting it. 
The effect with high velocity explosives is to raise 
the apparent efficiency, which may thus approach 
100 pet. 

Fragmentation by the shock pulse must break 
the rock between holes, thus: 


2 bmin. (9) 


where a = charge spacing. 

Holes are usually loaded a depth below grade to 
insure a final level surface. Since rock movement is 
essentially normal to the shock pulse, the limiting 
effective sub-depth is: 


(10) 


where m = depth below grade. 

Explosive at the top of the hole is ineffective, 
except in preventing overhangs in the last row, and 
holes are completed with stemming. To obtain the same 
fragmentation at the top of the hole as at the face: 


2 
1 = (11) 
where / = length of stemming. 

This will not properly fragment the brow, but it 
is liable to be well broken anyhow. In practice stem- 
ming is usually made longer than this, which saves 
explosive by utilizing the action of gravity. 
EXAMPLE: For the 40% gelatin in 6 in. dia. holes 
in limestone: /mpulse = 260,000 X .006 Xx 6m X 12 = 
353,000 lb. ft. per sec. Apparent effective impulse is 
raised to 1.00 by the shock impulse, and U is taken 

; 353,000 X 1.00 _ 
as 1 fps. Eq. 8 gives: bmax. = 
28 ft. Eqs. 7 and 8 give an approximation of the re- 
quired burden, between 15 and 28 ft. for the gelatin, 
chosen chiefly by trial with the conditions at hand. 
Using prilled ammonium nitrate for the same blast: 


Eq. 3 gives: 6,000 
1 
“6,400 100 43 deg. 


B = tan- 


W = 61.2 w (.25)? = 12 Ib. per ft. 


Using a k = .0036, Eq. 7 gives as before: bmin. 
5.3 ft, With the same values for U and %, Eq. 8 gives 
as before: bmax, = 28 ft. 


Ammonium nitrate is an unusual explosive, in 
that detonation does not immediately produce maxi- 
mum pressure. Rather the slower continuing reaction 
builds up a pressure reaching a maximum about 2 ms. 
after detonation. Because of this the ammonium nitrate 
is as effective as the 40 pct. gelatin in heave blast- 


ing, where fragmentation by the shock pulse is not 
required. 


Eq. 8 indicates two variables for heave blasting; 


|| 


impulse and rock velocity. Impulse appears to have a 
direct relation to rock streneth, not unlike the detona- 
tion pressure in shatter blasting. Thus a cliff of col- 
umnar basalt, which has a high S; , would require a 
high impulse to achieve breakout at the bottom, 
whereas a weak clay bank would require only the 
minimum impulse. 

Rock velocity (U) determines chiefly the dis- 
tance the rock is thrown, but it also has an import- 
ant relation to the breaking characteristics of the 
rock. For example, the columnar basalt is quite 
brittle, and time duration of the impulse does not af- 
fect the fracture point value. Therefore U can be low. 
A more yielding material would require considerably 
faster stressing to achieve fracture, and consequently 
a high U. 

The problems of blasting tight and fissured 
ground provide a further example of the applicability 
of shatter and heave blasting. In ‘‘tight’’ ground, the 
lack of open space makes little lateral movement pos- 
sible; consequently a slight radial expansion will not 
result in sufficient Ry to cause tensile fracture. But he 
the radial expansion need only be maintained a longer 
time to efficiently induce the desired radial breaking. 
Hence heave blasting is effective. 

On the contrary, in badly fissured ground the 
existing fractures make buildup of effective R; diffi- 
cult. To induce finer fracturing, a buffer of broken 
rock is often left against the face; its use is termed 
“‘blanket blasting’’. In actuality, such a buffer in- 
creases the inertia of the rock mass. As indicated by 
Eq. 4, the buildup of tensile stress R;is thus slowed, 
and the effect of the radial pressure Kg is enhanced. 
Consequently the range of oblique fracturing is quite 
effectively increased. 

Blanket blasting is chiefly effective in promot- 
ing shatter, although by increasing the external con- 
finement around the blast it could prove useful in 
heave blasting. From Eq. 8, U must vary as the im- 
pulse. A buffer offers a means of controlling U, allow- 
ing independent selection of an impulse and U which 
will best induce the desired breakup of the formation 
at hand. 


CHAMBER-LOADED BENCH BLASTS: ‘To 
achieve the same degree of fragmentation throughout 
with a point charge, burden and height of bank should 
be equal. A chambered toe hole is sprung with suc- 
cessive charges which utilize only the zone of com- 
pressive pulverization to enlarge the chamber. Bank 
height is often double the burden, thereby leading to 
much of the fragmentation from action of gravity, in 
which case caving characteristics of the formation 
become of major importance. 

Coyote blasting uses large charges in tunnels. 
Very high banks may be broken, providing the rock 
jointing is such as to create the desired breakup from 
the collapse. The attempt is chiefly to undermine the 
bank by fragmenting to the face at the toe. 

The limit of fragmentation about a point charge 


is dependent on the inverse cube of the radius. Thus 
to avoid tensile slabbing, Eq. 7 becomes: 


(12) 


The mass moved to achieve breakout is assumed 
to be a half cube of dimensions 4%, as indicated in 
Figure 4b. Only one-fourth of the impulse will act in 
a useful direction. Then: 


4 impulse = w U, 


From this, the maximum possible burden for heave 
blasting is: 


3 
Impulse X % 


If it is assumed that the mass of overlying rock 
must be lifted to allow movement toward the toe; 
mass = 67h, and U = g t; where hj; = limiting bank 
height, g = gravitational acceleration, and ¢ = dura- 
tion of impulse. Hence, 


Impulse xX % 


iim. (14) 


EXAMPLE: 2,000 lb. charges of ammonium nitrate 
are used for coyote blasting in a well jointed lime- 
stone. With & taken as .003, Eq. 12 gives: 

3 
spherical chamber for the 2,000 lb. charge is 4.0 ft. 
dia. For the fairly brittle limestone, U is taken as 1 
fps.; % as .75 because of escape of gas into cracks. 


Eq. 13 gives: bmax, = 
263,000 .006 x 4m X 242 .75 


2 

= 31 ft. Eq. 14 gives: 
11,420,000 x .75 
WA 317 322,006 
Because of the open jointing, maximum throw will be 
required to achieve breakup. Consequently no buffer 
should be used. Eq. 13 gives a by gx, not much greater 
than for 6 in. column-loaded holes using less than 
half the explosive. The analysis indicates that heave 
blasting effectiveness is greatly dependent on the 
surface area of the chamber. Actually the best cham- 
ber would be a narrow horizontal hole, parallel to and 
somewhat above the toe. A second row of charges 
might be used in the same blast, provided timing is 
closely controlled to initiate the second row while 
the rock is moving upward from the first detonation. 

For the equally brittle greenstone, with double 
the Sz, the same U and 4,000 lb. charges would be 
expected to induce the same fragmentation. This 
would give only 1.4 times the mass broken. A weak, 
yielding clay bank would require small high velocity 


him, = 80 ft. 


477 


charges and a higher U, 

Kochanowsky” has pointed out the importance 
of stemming in coyote blasts. The stemming will have 
a different reaction to the shock pulse than the rock, 
consequently the shock pulse is asymmetrically dis- 
torted in its direction. Because of this charge spac- 
ing may sometimes be made greater than the 2bm jn, 
given by Eiq.9. Stemming material should have a high 
inertia and be airtight. From Eq. 1 it is apparent that 
a low u will be imparted to the stemming if it is rela- 
tively incompressible and has a low v, 

With these formulas the percent effective im- 
pulse, rock velocity inducing desired breakup, and 
rock mass actually moved by the explosive impulse 
must be determined from field study, Because rock 
imperfections have such an overwhelming influence 
in blasting, it becomes generally incapable of set 
formulas, and a premium is thus properly put on field 
trial and experience. 
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MAGNETIC ROASTING OF IRON ORES 


IN A 


TRAVELING GRATE ROASTER 


An experimental traveling grate roaster has been built and operated by the 

University of Minnesota. This article reports the results of tests conducted 

on low-grade iron ores in an effort to develop such a roaster for large-scale 
commercial operations. 


he large quantities of iron-bearing materials, in- 
i cee taconite, semi-taconite,* and other low- 
grade ferruginous materials occurring in Minnesota 
and elsewhere, constitute an important potential 
source of iron. Satisfactory grade and recovery of 
iron ore concentrate cannot ordinarily be obtained 
from these ferruginous materials by simple methods 
of beneficiation. 

Iron is distinctive in that the free metal and two 
of its oxides [magnetite (Fe,O,) and maghemite 
(gamma-Fe.O,)] are strongly ferromagnetic. The 
successful magnetic separation of natural magnetite 
from taconite has already been established on a 
commercial scale. The iron in semi-taconite, how- 
ever, occurs largely as goethite (Fe,O,-H.O) and 
hematite (Fe.O,) which do not respond to ordinary 
magnetic separation methods. Magnetic roasting 
converts these iron oxides to magnetite, which can, 
after liberation, be magnetically concentrated. 


MAGNETIC ROASTING 
Hematite undergoes a stepwise reduction when 
exposed at moderately elevated temperatures to a 
reducing atmosphere containing hydrogen or carbon 
monoxide: 


Fe,O, > Fe,0,— FeO > Fe 


Since the desirable product in magnetic roasting is 
Fe,O,, the conversion is halted after the first stage 
by controlling the reduction potential of the gas 
mixture with water vapor or carbon dioxide. The 
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reducing gas mixture must be such that the oxygen 
partial pressure at the solid-gas reaction interface 
will be maintained intermediately between the oxy- 
gen partial pressures in equilibrium with Fe.O,; and 
Fe,O, at the prevailing temperature. Because of the 
rapid increase in decomposition pressure of Fe,O, 
with increase in temperature, the practical upper 
limit of useful reaction temperature is about 1400°F, 
above which over-reduction usually occurs in at- 
mospheres containing hydrogen or carbon monox- 
ide. On the other hand, useful reaction rates usu- 
ally occur only above 800°F. 

Goethite reacts similarly except that the com- 
bined water probably has to be driven off thermally 
before the reduction to magnetite occurs. Iron car- 
bonate must also be decomposed thermally to an 
oxide before conversion to magnetite. Iron silicates 
are apparently not amenable to magnetic roasting. 

The rate of penetration of the reaction toward the 
interior of a given ore fragment is dependent on 
the chemical composition and physical structure of 
the solid. Most ore fragments tested here reduced 
satisfactorily to %4-in. depth in less than 14 min at 
1200°F. Some very dense fragments, however, were 
reduced to less than 1/32-in. depth under the same 
conditions. 

Determination of the optimum temperature, gas 
composition, ore fragment size, or time of exposure 

* State Laws of Minnesota, (1959), Chap. 81, H.F., 26, Sec. 1, 
Subd. 1: ‘‘For the purposes of this act, ‘semi-taconite’ is defined as 
altered iron formation, altered taconite, ferruginous chert or fer- 
ruginous slate which has been oxidized and partially leached and 
in which the iron oxide is so finely disseminated that substantially 
all of the iron-bearing particles of merchantable grade are smaller 
than 20 mesh and which is not merchantable as iron ore in its 
natural state, and which cannot be made merchantable by simple 
methods of beneficiation involving only crushing, screening, wash- 


ing, jigging, heavy media separation, spirals, cyclones, drying or 
any combination thereof.’’ 
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is beyond the scope of this investigation. The pri- 
mary object was to devise a practical scheme ap- 
plicable to large-scale continuous magnetic roasting 
of low-grade iron ores, and, secondly, to roast ton- 
nage samples of various ores for subsequent mag- 
netic separation studies. 


HORIZONTAL TRAVELING GRATE 

An apparatus for roasting iron ore must be 
equipped to heat the ore to a specified temperature, 
dispose of any volatile decomposition products, ex- 
pose the heated ore to the action of a reducing agent 
until satisfactory conversion of iron minerals to 
magnetite is accomplished, and discharge the roasted 
product under useful and stable conditions. Auxili- 
ary means must ordinarily be provided to supply 
the process heat and the reducing agent. 


Fig. 1—Traveling Grate Roaster, Scheme I. 


Types of apparatus which can be adapted to iron 
ore roasting include 1) the vertical shaft furnace, 
2) the rotary kiln, 3) the multiple hearth furnace, 
4) the fluidized solids reactor, and 5) the horizontal 
traveling grate. 

An experimental traveling grate roaster has been 
constructed and successfully operated at the Mines 
Experiment Station of the University of Minnesota. 
It is, essentially, an apparatus in which the iron 
ore, properly prepared by comminution and ag- 
glomeration, forms a continuous gas-permeable bed 
of uniform cross section which is carried through a 
series of treatment zones on an endless heat-resist- 
ant permeable conveyor. Gas mixtures of controlled 
temperature and composition are forced vertically 
through the ore bed, successively drying, heating, 


reducing, and cooling the ore in a continuous proc- 
ess. A combustion chamber, which is fed a mixture 
of air and natural gas and which supplies both heat 
and the reducing gas mixture, is an integral part 
of the apparatus. Auxiliary equipment includes a 
gas cooler, gas blowers and ducts, ore preparation 
and handling equipment, and instrumentation and 
control devices. ; 

Scheme I: A schematic diagram of the experl- 
mental horizontal traveling grate roaster, employing 
updraft product cooling, is shown in Fig. 1. The 
grate (1) consists of cast iron-alloy tuyere blocks, 
each 10 in. long, placed four abreast on an endless 
link-and-bar chain. This grate assembly slides along 
horizontal support bars between an idler sprocket 
wheel (2) and a driven sprocket wheel (3) whose 
centers are 16.8 ft apart. Side walls, 8 in. high, at- 
tached to the outer tuyere blocks limit the ore bed 
to a cross section 24 in. wide by 8 in. deep. The 
blocks have two horizontal gratings, the 3-in. spaces 
between which are loosely filled with %4-in. steel 
balls serving as a heat reservoir. A single-horizon 
grate without attached side walls, together with a 
41%-in. hearth layer of previously roasted product, 
served similarly in earlier tests. 

The unsized crushed ore, balled in a 5% ft diam 
balling disc, is fed to the grate (1) by gravity flow 
through a pair of feed slots (4) extending across 
the grate and separated by a slotted gas exhaust 
manifold (5). The exhaust gas (6) passes through 
the two 4-in. ribbons of wet feed as they move 
through the feed slots and gives up enough thermal 
energy to the ore to prevent objectionable moisture 
condensation in the lower part of the 8-in. ore bed 
(7) during the drying operation on the grate; ex- 
cessive moisture condensation tends to weaken the 
wet balls and to cause the bed to collapse. This ex- 
haust system also serves to prevent the air trapped 
in the feed from getting into the system. 

The roasted product is discharged from the end 
of the grate through a gas-tight chute (8) which 
extends below the surface of the water pool of a 
spiral classifier (9), thus avoiding contact of warm 
freshly-roasted product with the surrounding air 
until it has been thoroughly drenched. Alternatively, 
the roasted product can be recovered dry at less 
than 150°F if desired. In any case, influx of air 
through the product discharge must be prevented. 

Process heat and gaseous reactants are produced 
simultaneously by combustion of natural gas (10) 
with limited air (11) in the cast refractory combus- 
tion chamber (12). Gas and air are premixed in a 
proportioning gas mixer (13) and fed to the com- 


Table |. Iron Ores Tested 


Ore Samples 
D 


A B Cc F G H 
Crushed to: (in.) —¥; — 
(Tyler Std) 4 mesh 30.8 36.9 3i3 34.6 38.3 12 
14 mesh 50.0 53.7 47.3 63.1 72.9 43.4 
48 mesh 61.9 67.2 69.5 71.6 87.1 86.4 58.7 63.3 
200 mesh 72.7 77.0 78.8 79.7 92.5 90.8 70.9 70.7 
Composition: 
Pct Fe 35 39 38 38 2 
Pct Fet++ 0.6 1.7 a5 0.8 6 
Pct Mn 10.7 
Pct AlsOz 13.1 
Pct SiOz 13.8 
loss, (1800°F) 4.3 8.7 4.1 
ct Fe in —200 mesh 17.2 17.6 
Mean specific gravity 3.1 46.1 29.4 30.2 12.8 17.6 
Moisture in feed after agglom- 
eration, pct 10.9 10.0 9.2 12.9 9.5 11.0 
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Table II. Natural Gas Composition*, 
1000 BTU/SCF, Gross 


Constituent Pct 
CH, 72.0 
CoHe 15.6 
CO2 0.1 
Oz 0.1 
Ne 12.2 


* Minneapolis Gas Co. 


Table III. Approximate Gas Flow Rates 
(Measured At 70°F, 1 Atm., Tests on Ore F) 


Cooling 

Drying Reaction Section 

Section Section (Updraft) 
Effective grate area, sq ft 8 8 5 
Total gas flow, cfm 1150 490 1100 
Mean linear gas velocity, fpm 144 61 220 

Pressure drop per ft of depth, 
in. water column 2.9 2.2 6.1 


bustion chamber through a drilled-port pipe mani- 
fold (14). Recycled spent gas (15) is introduced 
near the exit of the combustion chamber where it 
mixes with the fresh combustion products to form a 
reaction gas mixture (16) at the desired degree of 
temperature. 

The entire grate assembly and combustion cham- 
ber are encased in a gas-tight sheet metal housing 
(17), insulated where necessary, to isolate the proc- 
ess from the surrounding air. All blower shafts and 
valve actuating stems are sealed against possible air 
influx. 

The gas spaces above and below the grate are 
divided into compartments so that the various gas 
streams can be properly directed through the ore 
bed. Because of the difficulty in providing adequate 
gas seals between compartments above a moving 
bed of ore, pressures in these upper compartments 
are held approximately equal and slightly above 
atmospheric pressure. 

Control valves, flowmeters, thermocouples, and 
pressure and gas sampling taps, installed at strate- 
gic points, facilitate operation of the apparatus as 
an experimental unit. A continuous calorimeter- 
type of gas combustibles analyzer and recorder in- 
dicates the combustibles content of the reaction and 
spent gas streams. The gas burner is equipped with 
automatic safety pilot and cut-off valves. 

In operation, the ore is first carried by the grate 
through the drying section (18) where it is dried 
and partially heated by downward flow of hot gas 
coming from the product cooling section (20). It is 
next carried through the reaction section (19) in 
which the reaction gas mixture at a specified tem- 
perature and composition is passed down through 
the ore bed to heat the solids to reaction tempera- 
ture and at the same time provide the reducing 
atmosphere required to convert the iron minerals 
to magnetite. The roasted product is cooled in the 
product cooling section by an updraft stream of 
cooled and dehumidified spent gas and discharged 
into the spiral classifier (9). 

The relatively cool, moist gas emerging below the 
ore bed in the drying section is combined with the 
hot spent gas from the reaction section and cooled 
with water in a short coke-packed tower (21). The 


cooled gas is then reused as tempering gas in the re- 
action section and as coolant (22) in the product 
cooling section. 

In the case of the gas flow of scheme I, (Fig. I) 
the heat wave produced in the reaction section is 
pushed into, but not through, the heat reservoir 
and then back and out of the top of the ore bed. 
The grate chain is thus never exposed to tempera- 
tures above 800°F. With minimum exposure time 
to reaction conditions at the bottom of the ore bed, 
the ore near the top is held unnecessarily long at 
reaction conditions. However, this scheme imposes 
minimum requirements on materials of construc- 
tion, and all required gas movements in the system 
are adequately accomplished by blowers operating at 
ordinary temperatures. 

Scheme II: A similar scheme in which downdraft 
gas-flow through the ore bed is maintained through- 
out the process is shown in Fig. 2. Since the heat 
wave is here pushed completely through the ore bed 
and its support, the grate chain must withstand 
temperatures up to that of the reaction, and the heat 
reservoir is no longer of any use. To maintain equal 
pressures in the upper gas compartments, a high 
temperature (800°F or more) blower (23) is pro- 
vided to draw the cooling gas (22) through the hot 
roasted product. Scheme II has the advantage over 
scheme I in that the heat and reaction wave in the 
ore bed, once well established, can be pushed through 
the rest of the way by the cool reactive gas in the 
product cooling section. Thus, no part of the bed is 
exposed longer than necessary to reaction condi- 
tions, and the rate of production per unit of grate 
area is increased by the effective overlapping of the 
reaction and cooling sections. 


Fig. 2—Traveling Grate Roaster, Scheme II. 


The processes occurring in the reaction section 
are complex and interdependent. First of all, there 
is the matter of heat transfer from a hot gas to the 
solids of a packed bed. The temperature profile of 
the heat front progressing through the ore bed is 
dependent on heat transfer rates which are func- 
tions of gas velocities, heat transfer areas, and ther- 
mal properties of both solid and gas. The rate of 
movement of this heat front is directly proportional 
to sensible heat accumulation in the bed, that is, to 
the superficial gas velocity. In relatively shallow 
beds, as in this instance, the shape of the heat front 
probably does not become stabilized and thus the 
propagation rate of the isotherm corresponding to a 
usable reaction temperature is also probably not 
constant. 
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Since the mechanisms of reactions between reduc- 
ing gases and ore which result in the formation of 
magnetite are unknown, the progress of the line of 
completed conversion, which much necessarily lag 
some distance behind a certain minimum isotherm, 
can best be determined empirically in specifically 
designed experimental apparatus other than the 
present traveling grate. 

Scheme III: Where the rate of heat transfer is the 
controlling process, increased gas velocities through 
the bed can materially decrease the required resi- 
dence time of the ore in the reaction and product 
cooling sections. A proposed third scheme which 
takes advantage of this fact is shown in Fig. 3. A 
second hot gas blower (24) recycles hot spent gas 
(25) from the reaction section directly back of the 


Fig. 3—Traveling Grate Roaster, Scheme III. 


combustion chamber. The quantity of hot reaction 
gas available for passage through the ore bed thus 
will be greatly increased over that of schemes I and 
II for the same input rate of fresh combustion prod- 
ucts. This should substantially increase the produc- 
tion of roasted ore per unit grate area at an in- 
creased thermal efficiency. 


TESTING THE TRAVELING GRATE ROASTER 

Proving the operation of the experimental hori- 
zontal traveling grate roaster is complicated by the 
fact that performance is largely dependent on widely 
variable properties of the raw ore. Thus, the com- 
position and physical structure of any given ore will 
dictate a particular set of conditions for roasting 
which is optimum for that ore. In addition, the par- 
ticular details of treatment during the subsequent 
magnetic procedures may also have some effect on 
the exact position of this optimum when considering 
the overall process. On the other hand, considerable 
latitude in roasting conditions is available in the 
traveling grate roaster, so any overall metallurgical 
test from raw ore to iron ore concentrate, through 
roasting and magnetic separation, is more a test of 
the ore than of the traveling grate roaster. 

In view of this, and the present lack of knowledge 
concerning optimum operating conditions of both 
the roasting process and the magnetic separation 
procedures, large-scale tests were not stressed in 
the test work. Instead, many tests were made on a 
few typical raw materials, in which operating con- 
ditions were investigated and the quality of prod- 
ucts obtained was determined by assays and mag- 
netic tube tests on selected samples of product. 
Most tests were conducted according to flow scheme 
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I in which the direction of gas flow through the ore 
bed was reversed between the reaction and product 
cooling sections. 

Preparation of the ore for roasting was standard- 
ized by crushing it to —%% in. and agglomerating it 
into % to 4-in. balls with water as binder. The free 
moisture in the agglomerated ore was usually about 
10 pct (wet basis) for an ore containing 40 pct Fe, 
which corresponds to about 30 pct water on a vol- 
ume basis in the balls. Small variations in moisture 
greatly influenced the size of the balls formed, that 
is, the greater the moisture the larger the balls. The 
resistance to air flow in the bed on the grate was 
only slightly affected by ball size because of the 
attenuating effect of the feeding mechanism as the 
ore was “pulled” from the bottom of the feed slots 
by the slowly moving grate. The drier feed of smal- 
ler balls was, therefore, usually preferred because 
less heat was needed to dry it. Ore bed bulk density 
was usually between 90 and 110 lbs of dry ore per 
cu ft, and the bed permeability was such that the 
passage of air at 70°F and 1 atm and 100 fpm super- 
ficial velocity developed a pressure drop of about 
l-in. water column per ft of bed depth for reason- 
ably well-agglomerated ore. 


EXPERIMENTAL RESULTS 

The ores listed in Table I were balled and used 
in traveling grate roaster tests. The reducing gas 
mixtures and process heat were obtained by burn- 
ing natural gas (Table II) at 80 to 85 pct aeration 
and mixing the combustion products with cooled 
recycled spent gas. These mixtures contained up to 
10 pct total CO plus H, (dry basis) at CO:H, ratios 
between 0.5 and 1.0, and were readily maintained 
at any temperature up to 1500°F. A typical set of 
gas flow rate data is given in Table III. 

Illustrative data on the quality of roasted product 
obtained under specified roasting conditions are 
given in Table IV. Ores A thru D (Table I) were 
roasted in the apparatus with stationary side walls; 
ores E through H, after installation of the moving 
side walls. The use of moving side walls greatly 
diminished the wall effects on gas flow by eliminat- 
ing the deep side wall troughs in the ore bed. Re- 
action temperatures were assumed to be identical 
with the gas temperatures as measured by a high- 
velocity thermocouple above the ore bed in the re- 
action section. The gas drawn through this device 
was passed continuously through the combustibles 
analyzer. 

Roasted product quality was estimated by means 
of standard Davis tube magnetic separation tests at 
—150 mesh and by appropriate chemical assays 
performed on grab samples of the roasted ore. These 
samples were taken at the center line of the ore bed 
at three levels: T, top two in.; M, middle two in.; 
and B, bottom two in. Most of the data represent 
mean values from a number of arbitrary samples. It 
is apparent, however, that the relationship between 
tube test results and ferrous-to-total iron assay 
ratios of the roasted products is dependent on the 
properties of the ore. As expected, with updraft 
cooling following downdraft reaction, data for ores 
D, F, and G all show that the upper part of the ore 
bed was roasted more thoroughly than the lower 
part. 

Similar tests of quality were performed on the 
separated size fractions of spiral classifier sands ob- 
tained from G after roasting under the conditions 
given for this ore in Table IV. The results are il- 
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Table IV. Results of Magnetic Roasting on Traveling Grate 


Roasted Product 


rece Ore Bed, in. 
ry Ore Feed, Gas, (dry) Total Coneentrate, Fe Recov- 
Ore lb per hr* Depth Width Temp, °F Pct (CO+H2) Sample Pct Fe (Fet++/Fe) Pct Fe ery, Pct 
6 28 1250 6.6 36.5 0.207 65.2 84.7 
00 6 28 1250 6.3 a 39.2 0.286 65.6 96.0 
38.4 0.152 67.8 79.2 
F 1000 8 24 1350 8.3 TS 51.0 0.324 63.8 68.7 
¥ 0.324 63.6 67.5 
4 0.281 63.4 61.3 
G 880 8 24 1310 6.9 Ay 36.4 0.258 65.7 96.9 
¥ 34.9 0.263 65.2 95.7 
33.5 0.252 65.6 95.2 
H 1000 8 24 1300 8.0 1 32.0 0.290 62.1 85.0 


* 1000 lb per hr is equivalent to about 0.4 gross ton per day per sq ft of active grate area. 


lustrated in Fig. 4. The mean values for concentrate 
grade and iron unit recovery agree well with those 
obtained from the grab samples for ore G, differences 
being attributable to the manner of sampling and 
to normal variations in the crude ore. The lower iron 
unit recovery from the coarser fractions was prob- 
ably due to incomplete reduction of large ore frag- 
ments; that from the finer fractions, to ore structure 
peculiarities and possible sample deterioration. The 
concentrate grade was relatively constant for all 
size fractions. 

Data from magnetic separation tests in pilot scale 
equipment usually agreed well with Davis tube re- 
sults but were not valid tests of the roasting proc- 
ess because the pilot scale procedures have not yet 
been fully developed for use on artificial magnetite. 


CONCLUSIONS 


Operation of the experimental traveling grate 
roaster on several ores has shown that this appara- 
tus can readily produce the conditions of tempera- 
ture, time, and reducing atmosphere required for 
continuous magnetic roasting of iron ores. The ap- 
paratus is also applicable to the pre-leach roasting 
of certain manganiferous ores because the roasting 
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Fig. 4—Iron recoveries from separate size fractions of ore 
G, roaster at 1300°F, by Davis Tube magnetic separation 
at —150 mesh. Total recovered concentrate: 66.6 pct Fe, 
91.1 pct Fe recovery. 


conditions can be controlled within very narrow 
limits. Most crude ores, when crushed to —% in. or 
less, can be balled and roasted without further 
preparation. Dust handling problems are negligible 
since the ore fines are tightly bound in the balled 
feed. 

Although the heat and reactant gases are pro- 
duced in one simple step from natural gas in this 
experimental apparatus, any carbonaceous fuel, 
whether solid, liquid, or gas, could be similarly con- 
verted in a suitably designed combustion chamber. 
Additional gaseous constituents can be added di- 
rectly to the reaction gas mixture as needed. Further 
modifications might utilize certain catalytic agents 
or solid reductants in the ore bed. The amount of 
fuel required to supply thermal energy and chemi- 
cal reactants in this process will probably be in the 
range of 600,000 to 900,000 net BTU per gross ton of 
dry ore feed. 

The production capacity of the experimental ap- 
paratus has not been a primary object of this in- 
vestigation. However, the nominal rate of 0.4 gross 
tpd per sq ft of active grate area achieved under 
the least favorable scheme for gas flow (scheme I) 
is probably less than 25 pct of the rate to be ex- 
pected under scheme III in this experimental ap- 
paratus. Further improvement may also be realized 
by adjusting the proportions of the active grate area 
devoted to the basic operations of drying, heating, 
reaction, and product cooling. It is, therefore, rea- 
sonable to expect the production rate in a well-con- 
structed commercial machine to exceed two gross 
tpd per sq ft of grate area. 

Reliable cost data are not available at this stage 
of the investigation. However, preliminary calcula- 
tions indicate that the capital cost of equipment, at 
current prices, for converting crushed ore to roasted 
product on a commercial scale in a traveling grate 
roaster will be about $1.00 to $1.50 per annual gross 
ton of ore capacity. This process is particularly well 
suited for automation and operating labor costs can 
be minimized. Other operating costs, such as fuel 
and power, are expected to be reasonable. 

The magnetic roasting of iron ore on the horizon- 
tal traveling grate appears to be technically and 
economically feasible. 
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CORRECTIONS FOR PAPERS PUBLISHED 
PRIOR TO JULY 1960 


The corrections given herewith pertain to papers published in MINING ENGIN- 
EERING prior to July 1960, and in previous Transactions Volumes. Several of 
these papers also appear in this volume and are so cross referenced. 


TUMBLING MILL POWER AT CATARACTING SPEEDS 


P. K. Guerrero and Nathaniel Arbiter 


This volume, AIME Trans., p. 73 (MINING ENGINEERING, May 1960, p. 488) 


The following figure captions were omitted: P= es dP, a P,) (3) 


FIG. 1 Rod paths at cataracting speeds, page 73. 


FIG. 2. Correlations of power and load at cataract- P)= [att (4) 
ing speed, page 75. 


In Fig. 2, the left hand legend should read: 8773 Ln3 12877 4n4 
power factor; Hp/p D2:5L x 104. 
Equations | through 4, 6, and D5, page 74 should 
read: + 25678n8 6) 
dP, =27pLnr dr h (1) 
dP, = 2770 Lor’ dr' (Mea, cos 0) V, (2) K=—0.026 + 0.39 (D5) 


A DECADE OF DEVELOPMENT 
IN OVERVOLTAGE SURVEYING 


Robert W. Baldwin 


AIME Trans., Vol. 214, 1959, p. 307 (MINING ENGINEERING, March 1959) 


On page 309, column 1, the second equation 


should read: 


Ma—M) 6 log Pa 
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SAND DEPOSITS OF TITANIUM MINERALS 


J. L. Gillson 


AIME Trans., Vol. 214, 1959, p. 4217 (MINING ENGINEERING, April 1959) 


On page 421, column 1, paragraph 1, line 14, the 
word ‘‘rock’’ at the end of the line should read ‘‘sand.”’ 
The correct sentence is: 

‘The pigment industry started about the middle 
twenties, both in Europe and the U. S., and almost 
simultaneously the sand deposits at Ponte Vedra 
Beach near Jacksonville, Fla., were worked for titani- 
um content.”’ 

On page 422, column 2, paragraph 3, line 4 TiC14 
should be TiCl4; and in line 5 the word ‘‘chloride”’ 
should read ‘‘chlorine.’’ The corrected sentences are: 

“Rutile as an important titanium ore became in 


great demand with development of the process for mak- 
ing titanium metal by reducing the chloride, TiCl4. 
Titanium tetrachloride could be made from ilmenite, 
but the consumption of chlorine by the iron made it a 
very unattractive raw material.” 

Page 422, column 2, paragraph 5, line 17, the 


word ‘‘interground’”’ should be “‘intergrown.’’ The 
correct sentence is: 

‘*The heavy mineral concentrate analyzes about 
9 pet TiO, and most of it is in ilmenite intergrown 
with magnetite, or magnetite partly altered to 


hematite.’’ 


GEOCHEMICAL STUDY OF SOIL COMTAMINATION 
IN THE COEUR D’ALENE DISTRICT, 
SHOSHONE COUNTY, IDAHO 


F. C. Canney 


AIME Trans., Vol. 214, 1959, p. 205 (MINING ENGINEERING, February 1959). 


The word ‘‘other’’ in paragraph 4, line 11, column 
1, page 205, should read ‘‘over;’’ the correct version 
of reason 2, this paragraph, is: 

**. . . 2) to evaluate the usefulness of certain geo- 
chemical techniques, V. C. Kennedy and S. W. Hobbs 
of the USGS had already studied the distribution of 
copper, lead, and zinc in the soils (both in background 
areas and over veins) and in the water and plants, pro- 
viding a criterion for measuring the magnitude and 


effect of soil contamination; ... ”’ 


On page 206, in the top left hand corner of Fig. 1 
(in the area bounded by 47°35’ and 116°10'), the ref- 
erence to Fig. 3 is incorrect. The area of Pine Creek, 
South Fork Coeur d’Alene River, and portion of Big 
Creek (the area which includes, from left to right, 
Kingston, Pinehurst, Smelterville, and Kellogg) should 
be identified as that of Fig. 2A. 

The headings for columns 1, 3, and 4, Tables I 
and II, page 209, column 2, were reversed when the 
paper was printed. The corrected tables are: 


TABLE’! 


Metal Content of Samples Collected from 
Outlying Sites Shown in Fig. 1. 


Number Parts Per Million 

Site of 
Number Samples Lead Zinc 
34 0 to 2 400 200 
6 70 50 
44 0 to 2 400 250 
6 100 150 
45 0 to 2 250 200 
6 150 150 
46 0 to 2 250 100 
6 100 100 
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TABLE II 


Summary of Data Presented 
in Table I and Fig. 2. 


Percent of Samples in 
which Metal Content 


Sample Exceeds: 
Depth, Depth, 100 Ppm 200 Ppm 
In. In. Lead Zinc 
0 to 2 45 67 38 
0 to 6, 6 46 24 24 
6 to 12 22, 5 14 


_ 


RETENTION TIME IN CONTINUOUS 
VIBRATORY BALL MILLING 


D. W. Fuerstenau 


AIME Trans., Vol. 214, 1959, p. 1238 (MINING ENGINEERING, December 1959) 


On page 1243, column 1, the first line of the omitted. The sentence should read: 
author’s reply should read “‘D. W. Fuerstenau (author’s ‘However, if enough ore is put into the mill [so] 
reply) ---,’’ rather than D. E., as printed. that none of the energy put into the mill is wasted on 
In the sentence immediately preceding the first metal-to-metal impact, then the product should have 


9 


equation (page 1243, column 2), the word ‘‘none’”? was size modulus determined by the relation: .. . 
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DISCUSSION 


The following Discussion has been submitted for articles appearing in AIME 
Trans., Vol. 214, 1959, and Mininc EnacinEERING. The last three discus- 
sions refer to articles appearing in this volume and are so cross referenced. 
Discussion of papers in this volume may be submitted through July 1961, 


and if accepted, will appear in Vol. 220, 


DISCUSSION OF 


SAND DEPOSITS OF TITANIUM MINERALS 


J. L. Gillson 


(MINING ENGINEERING, April 1959, p. 421; AIME Trans., 1959, Vol. 214; 
see also AIME Trans., 1960, Vol. 217, p. 486.) 


Joseph H. Birman (Chairman, Dept. of Geology, Occi- 
dental College, Los Angeles, Calif.) Many thanks 
to J. L. Gillson for so comprehensive a survey of the 
titanium sand deposits of the world. Over the past two 
years, the writer studied rather carefully some of the 
Cretaceous ilmenite deposits in New Mexico and 
Colorado, including the Sanostee deposit shown in 
Gillson’s map, Fig. 6. The deposits were geologically 
mapped and sampled, surveyed by magnetometer, and 
the Sanostee deposit was drilled. Most of the genetic 
interpretations made by Gillson concerning the recent 
sedimentary ilmenites can be clearly read in the Cre- 
taceous deposits in New Mexico. 

The deposits are in marine regressive members 
of the Mesaverde group. The deposits trend within a 
few degrees of N 55° W and persistence of this trend 
through both distance and time (the deposits are in 
different members of the Mesaverde group) implies 
that the deposits are offshore bar accumulations. 

Heavy mineral content ranges from about 10 pct 
to more than 50 pct. Thicknesses are from 4 ft to as 
much as 20 ft, widths range from 150 to 600 ft, and 
lengths range from a few thousand feet to a few miles. 
All are locally or completely overlain by carbonaceous 
shale and thin coal. 

The deposits are strongly altered, and from X-ray 
diffraction the principal titanium alteration product 
appears to be anatase. Drilling of the Sanostee de- 
posit shows that the alteration is not related to the 


present erosion surface but took place at the site of 
deposition and before burial by the overlying sedi- 
ments. Iron oxide derived from the alteration cements 
the grains and is the chief coloring agent in the im- 
mediately overlying shales. 

In the Sanostee deposit, there is virtually no 
feldspar, the gangue mineral being almost exclusively 
quartz. Sorting is excellent, but the quartz grains are 
subangular to angular. Petrographic examination re- 
veals that the angularity is not due to overgrowths. 
Therefore, short distance transport is implied. 

The mineralogical composition suggests a low 
relief granitic terrane as the source area. Feldspar 
may have been decomposed by weathering at the 
source, but an alternative preferred by the writer is 
that each of the deposits represents a long-term con- 
centration site (for example a large sand bar) which 
was continually being deprived of light minerals by 
wave action and selective transport. feldspar may 
have been mechanically reduced in size more quickly 
than the quartz, and thus its rate of removal may have 
exceeded that of quartz. Concentration of heavy min- 
erals would thus occur until the marine regression 
removed the zone of maximum wave energy from the 
site. Chemical alteration would then become the most 
important process until burial by encroaching swamp 


de posits. 
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DISCUSSION OF 


THE GEM STOCKS AND ADJACENT OREBODIES, 
COEUR D’ALENE DISTRICT, IDAHO 


Garth M. Crosby 


(MINING ENGINEERING, July 1959, p. 697; AIME Trans., 1959, Vol. 214; 
see also AIME Trans., 1960, Vol. 217, p. 117) 


Hugh E. McKinstry (Professor of Geology, Laboratory 
of Mining Geology, Harvard University, Cambridge, 
Mass.) Pre-Cambrian age for the Coeur d’ Alene min- 
eralization, as indicated by isotope studies and re- 
cently discussed by Silverman, Long, and Kulp! would 
explain some features of the mineralogy of the dis- 
trict that have long been a puzzle. 

In the Silver Belt, especially in the Sunshine 
mine, lead-zinc mineralization passes downward into 
tetrahedrite ore. Although commercially speaking this 
is arich silver zone, the silver is, quantitatively, a 
mere impurity amounting to a small fraction of 1 pct. 
In effect the zonal change is from lead-zinc down in- 
to copper mineralization—the usual zonal change 
that occurs in many districts. 

In the Burke-Mullan portion of the district, on 
the other hand, lead-zinc ore does not pass downward 
into copper mineralization of the Sunshine type. In- 
stead, pyrrhotite appears in depth while the tenor in 
lead and zinc declines. The change occurs at increas- 
ingly greater depth away from the Gem stocks, deep- 
ening irregularly by some 3000 ft within two to four 
miles. As noted by Crosby, biotite, grunerite, and 
garnet appear in the deep zone. The marked difference 
between this apparent zonal change and the more 
normal change to a copper zone is quite explainable 
if already existing pre-Cambrian veins have been 
locally metamorphosed by a Tertiary intrusive. 

The chief obstacle to this explanation is the 
evidence that mineralization cuts Laramide intrusives, 
but evidence on this point is conflicting as indicated 
by Crosby’s observations and summary. 

This is not the first instance of a problem in de- 
termining the time-relationship of mineralization to a 
spatially associated intrusive. At the Noranda mine 
veins of chalcopyrite extend into a diabase dike 
which apparently cuts the ore, although Price” con- 
cludes that the ore is later. However, at the Normetal 
mine diabase of a similar dike is thought® to intrude 
the orebody but is cut by stringers of chalcopyrite. 
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In the Sullivan Mine, B. Cis galena follows a frac- 
ture in a lamprophyre dike which, itself, cuts the 

main orebody. In the Sudbury district dikes of olivine 
diabase are clearly younger than the nickel ore, yet 
where they cut the Creighton orebody they contain 
stringers of chalcopyrite. In the laboratory, Hawley® 
has developed veinlets of sulfide (chalcopyrite) in 
silicate gangue by heating specimens of ore in a 
stream of H9S at 410°C. From this and other evidence 
it seems clear that sulfides can be transferred from 
one site to another — at least through short distances— 
at temperatures well below their melting points. It 
would seem then that even if sulfide mineralization 

in the Gemstocks can be shown unequivocably to be 
later than the intrusive the possibility of ‘‘remobiliza 


”? need not be more than local. 


tion 
Thus the zonal relationships are quite in accord 

with a pre-Cambrian age for original deposition of 

the lead, zinc, copper, silver, and uranium in the 


Coeur d’Alene district. 
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DISCUSSION OF 


THE SHEAR STRENGTH OF ROCKS 


Rudolph G. Wuerker 


(MINING ENGINEERING, October 1959, p. 1022; AIME Trans., 1959, Vol. 214) 


Charles T. Holland (Head, Dept. of Mining Engineer- 
ing, Virginia Polytechnical Inst., Blacksburg, Va.) 
Mr. Wuerker has presented a very interesting discus- 
sion of the use of triaxial test methods for investi- 
gating the strength properties of rocks. Such methods, 
no doubt, eventually will develop considerable infor- 
mation of interest to those concerned with the design 
of mine layouts, particularly in the field of pillar 
design. 

From his discussion of my recent article, ‘‘Cause 
and Occurrence of Coal Mine Bumps” (Holland MINING 
ENGINEERING 1958, p. 933-1002), it is evident that 
in one place at least I did not make my meaning clear 
to him and perhaps others. To clear the matter up I 
think it best to quote from the article, somewhat more 
fully than did Mr. Wuerker, as follows: 

“*4) In actual operations -- because rocks are not 
perfectly elastic, homogeneous, nor isotropic and be- 
cause local yield does occur -- the maximum stress 
as demonstrated by Phillips (Ref. 22, pp. 64, 65) and 
indicated by much experience in mining, does not 
occur at the walls of the opening but at a short dis- 
tance inside the pillar. Furthermore, the maximum 
stress does not reach as great a value as theoretical 
considerations and laboratory experimental methods 
indicate.* 

Actual distance inside the pillar, measured from 
the wall, at which the maximum stress exists, has not 
been determined. Observations in many mines, how- 
ever, indicate that this distance could have a mini- 
value of one to six or eight times the bed thickness 
and that it is probably affected by width and height 
of the opening, depth of cover, and relative values of 
the elasticity and plasticity of materials comprising 
the roof, floor, and coal seam. The actual value of 
the stress produced probably lies between the theo- 
retical maximum and the average stress concentration 
that would be produced if the weight of the strata 
above the unsupported opening were evenly distributed 
over the pillars for a distance equal to the opening 
width.”’ 


The footnote reference in the above quotation referred 
to the following: 

‘“*For example, the Pocahontas No. 4 coal bed 
in southern West Virginia is mined under cover up to 
1800 ft thick. Development openings are driven 18 to 
20 ft wide, and the bed is about 6 ft thick. According 
to the work of Panek, the tangential wall stress at 
mid-bed height under these conditions would reach 
values between 4000 and 5000 psi. Actual tests of 


3-in. cubes of this coal show its compressive strength 
would be much less than this, perhaps as low as 400 
psi. Yet the pillars usually show no evidence of fail- 
ure in these headings. 

In this same bed at a depth of 800 ft, the author 
has seen an opening 225 ft between supports lying 
between two old groves approximately 1100 ft apart. 
According to the theoretical considerations, the 
stress in the pillar walls would have been about 
18,000 psi, yet the pillar showed little or no evidence 
of weight. In view of these observations, it is clear 
that the wall stress does not attain the maximum 


values indicated by theory.”’ (Underlining added to 


original wording.) 


By referring to Fig. 2A of my paper it will be 
noted that theoretically the maximum pillar stress 
would occur at the pillar wall, i.e., at the passage- 
way surface of the pillar. Obviously this cannot be 
correct in the cases of stress ranging from 4000 to 
18000 psi since the coal at the surface of the pillar 
is under no constraint and cannot have a strength 
much greater than 400 or 500 psi. Hence, my con- 
clusion that the maximum stress does not occur at 
the wall but back in the pillar some distance from 
the wall. Since these stresses are pushed back in 
the pillar from the wall, it is also obvious that the 
loads transferred to the pillar from the opening willbe 
spread over a greater area and hence pillar stresses 
will not rise to the values postulated by theory and 
photoelastic experiment. Further since to visual in- 
spection the coal along the pillar wall did not appear 
to be failed the conclusion was reached that the 
stress shift was caused by local elastic or plastic 
yield and by difference in the elastic modulus of the 
rocks composing the mine floor, mine roof, and coal 
bed. Later on under the heading ‘‘Strength of Mine 
Pillars’’ (pages 1000-1002) the effects of constraint 
is briefly described. Also a formula taking into ac- 
count constraint is developed relating pillar strength 
to the uniaxial strength of coal and the L/T ratio of 
the pillar. 

Since my paper was written, reports of experi- 
ments conducted in South Africa (Denkhaus, et. al., 
1959), in Sweden (Hast 1958), and in Canada (McInnes, 
et.al., 1959) reveal that the conclusion expressed re- 
lative to the existence of a low stress area existing 
around the edges of pillars and solid faces as de- 
scribed above is generally correct. But it seems 
possible that where the wall stress developed is 
less than the unconfined strength of the rock com- 
posing the pillar and where the roof, floor, and pillar 
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rock have about the same elastic modulus that the 
wall stress may approach the theoretical values rather 
closely and the maximum stress under these condi- 
tions may occur close to the excavation wall. Den- 
khaus’ results in South Africa show that the zone of 
maximum stress intensity exists in the rock some 15 
or 20 ft ahead of a face and that for some 10 ft ahead 
of a face a zone of fractured rock exists. The unit 
value and distribution of the principal stress as cal- 
culated from some of Hast’s observation in Sweden 
are shown in Fig. 1. It will be noted here that the 
highly stressed rock is not at the wall but a short 
distance ahead of the wall. 

800, 


S 
> 


S 

S 


ATED 


STRESS 


4 6 8 /0 


OISTANCE FROM WALL IN METERS 


FIG. 1 Major stresses about mine opening (computed 
from Hast’s values, location cited). 


Mr. Wuerker’s statement, ‘‘While cubes of coal 
explode under uniaxial compression, they squeeze if 
the ratio of the width of a specimen to its thickness 
is increased above 5.0’, is not strictly in accord 
with experimental evidence. The low strength coals 
such as the low volatile Pocahontas coals under labo- 
ratory conditions may be forced into a squeeze failure 
at a width/thickness of around 5.High strength coals 
such as the high volatile Coalburg, Island Creek, and 
Elkhorn No. 3 still fail abruptly when this ratio is as 
high as approximately 8 although under laboratory con- 
ditions they may be forced into a squeeze failure when 
the least width/thickness ratio is less than 12. (Hol- 
land 1942, pp. 77-78). In coal mines, pillars of the 
Pocahontas No. 4 coal having a thickness of approxi- 
mately 6 ft and a least width ranging from 125 to 150 
ft (least width/thickness = 20 to 25) have failed ab- 
ruptly with great violence (Holland 1954), Likewise 
the high volatile bituminous Harlan coal bed, having a 
uniaxial compressive strength in a 3 in. cube of 5138 
psi, has failed abruptly with great violence when in 
pillars 4 ft thick and approximately 80 ft wide (least 
width/thickness = 20) (Holland 1958 p. 1004, Fig. C). 
Consequently, it seems that the strength of a coal speci- 
men and the manner in which it fails is dependent upon 
several factors in addition to the least width/thickness 
ratio. Consideration of this matter indicates that at 
least the following factors will be important: 1) re- 
lative uniaxial compressive strength of the specimen 
tested, 2) stress distribution in the specimen, 3) rate 
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at which the stress in the specimen is increased, and 
4) coefficient of friction between the specimen and 
the bearing plates through which the specimen is 
loaded. 

In making his estimates of pillar strength it 
seems to me that Mr. Wuerker has neglected some of 
the recently available important information pertain- 
ing to the strength of coal. Holland (1942, pp. 75-76); 
Greenwald, Howarth, and Hartmann (1939); Gaddy 
(1956); Steart (1954); and Millard et.at., (1955) have 
found that as the absolute size of a cubical test 
specimen of coal increases its unit strength under 
uniaxial compression decreases. By extensive ex- 
perimental investigation, Gaddy found that the equa- 
tion relating the size of the cubical test specimen to 
its strength is S = k/VD in which S is the ultimate 
uniaxial compressive strength of a cubical specimen 
of coal in psi, k is a coefficient depending upon the 
inherent properties of the coal under consideration, 
and D is the edge dimension of the specimen tested. 
The equation apparently holds for specimens ranging 
in size from 2in. to at least 6 ft. The work of Millard 
confirms Gaddy’s results and extends the range of the 
formula to coal cubes varying from about 3 in. on a 
side to very small coal particles. In view of these re- 
sults it seems to me to be entirely possible that the 
strength of coal as determined by triaxial tests also 
would be affected in the same manner. If triaxial 
strength is so affected it would have a decided ef- 
fect upon the coefficients, b and m, in the equation 


S1 = b + mS3. Whether or not triaxial test results will 
be affected in this manner can only be determined by 
experiment. But in view of the size effect upon uni- 
axial test results it does not seem to be wise at this 
time to apply directly strength values obtained from 
triaxial tests of small specimens to specimens as 
large as mine pillars. 
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DISCUSSION OF 


THE ELECTRONIC COMPUTER AND STATISTICS FOR 
PREDICTING ORE RECOVERY 


(MINING ENGINEERING, October 1959, p. 1035; AIME Trans., 


R. Duval (Mining Engineer, Ancien eléve de I’Ecole 
Polytechnique, Paris, France) 
the Eq. 3, reading: 


I do not agree with 


1 
m= [(0.214x30.4) + (0.786 x0.00)] =6.5pct Cad 


If 0.214 and 0.786 were proportions by weight, 
the equation would represent the well known mixtures 
law of the conventional arithmetics and 6.5 pct CaO 
would be the correct average content. But it is not 
the case as the author states: 

“In samples consisting of single grains of miner- 
al, those grains must, as already mentioned, be either 
of dolomite or magnesite. Since 78.6 pct of the de- 
posit consists of magnesite and 21.4 pct of dolomite 
(excluding for present purpose the presence of other 
minerals), for any single grains picked at random the 
probability will be 0.214 that is it dolomite and0.786 
that is it magnesite. In 1000 such samples the ex- 
pected numbers of dolomite and magnesite grains will 
be 214 and 786 respectively.”’ 

0.214 and 0.786 would be proportions by weight 
under the necessary condition that all grains of dolo- 
mite and magnesite should have an identical weight. 
Obviously it is not the case, as the specific gravities 
are not the same for magnesite and dolomite and the 
volumes of the grains are different. 

Furthermore, because of these differences the 
conditions for a random sampling are not fulfilled and 
we are not authorized to state that the probabilities 
are, respectively, 0.214 and 0.786. 


The author however makes a simple application 


of Eq. 1: 
n 


Should we deduce that this relation is wrong? 
Not at all, but when applying Eq. 1 you must not 
overlook what it actually. means. 

Eq. 1 gives a definition of the arithmetic mean 
of a total of n observed values *; and nothing else. 
But the average content of a deposit has not the same 
significance. It is the ratio between the weight of 
concemed mineral in the deposit and the total weight 
of the deposit. As from 1000 particles the 214 of 
dolomite and the 786 of magnesite have not the same 
weight, the two definitions do not concur, and when 
applying Eq. 1 the result is an arithmetic mean of 
figures which has no connection with what is named 


average content of a deposit. 


Robert F. Shurtz 
1959, Vol. 214) 


The situation is similar to the calculation of an 
average velocity. If a car travels a first mile over at 
30 miles per hr and a second mile over at 60 miles 
per hr, when applying formula 1 you find as average 
velocity for the 2 miles: 


30 + 60 
2 


= 45 miles per hour. 


Many people calculate in this way and they do 
not realize that a mistake is involved. In fact the 
definition of the average velocity for the 2 miles is 
the quotient of the distance of 2 miles by the time 
(in hours) necessary for 2 miles travel, i.e.: 

2 

30 60 

In other words, the average volocity wanted is 


= 40 miles per hr. 


not the arithmetic but the harmonic average of the two 
velocities. 

The above mentioned bias in the calculation of 
the average contents of deposits is frequent, even in 
the assessments made by experienced engineers and 
is independant of what is named the sampling error. 

In order to supress the bias and to be able to use 
Eq. 1, you must apply a correction. An example on the 
subject can be found in an article by Duval et al. in 
the January 1955 issue of the ‘‘Annales des Mines’’ 
(French), page 19. 


R. F. Schurtz (Author’s Reply) Mr. Duval’s position 
is quite correct. The proportions shown for dolomite 
and magnesite, respectively, of 0.214 and 0.786 are, 
in fact, proportions by weight uncorrected for specific 
gravity. 

In our day to day operation of producing magne- 
site from these mines at a very substantial rate, we 
do not normally make corrections for the difference 
between the specific gravity of dolomite and that of 
magnesite. If these corrections are made in Kq. 3 as 
shown in my article, then the numbers of grains tum 
out to be in proportions of 0.226 dolomite and 0.774 
magnesite instead of the values actually shown in 
the equation. 

For the purposes of our work, and in view of the 
inherently low accuracy of the data, this correction 
was not deemed worthwhile making. 
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DISCUSSION OF 


ENERGY INPUT AND SIZE DISTRIBUTION 
IN COMMINUTION 


R. Schuhmann, Jr. 


(MINING ENGINEERING, February 1960, p. 161; AIME Trans., 1960, Vol. 217, p. 22) 


D. W. Fuerstenau (Associate Professor of Metal- 
lurgy, Dept. of Mineral Technology, University of 
California, Berkeley, Calif.) In his excellent paper, 
Dr. Schuhmann has proposed a mechanism for com- 
minution which can be utilized to explain a number 
of phenomena which have been observed in the size 
reduction of solids. The difference between the 
product obtained from a ball mill and from a rod mill 
can readily be explained by Dr. Schuhmann’s 
hypothesis. 

Consider that the size distribution of the product 
from each comminution event is given by 


ind 


x 
(1) 


1 


where yj; is the cumulative percent finer than size x, 
k; is the size modulus, and « is the distribution mod- 
ulus for the single comminution event. The total 
product from a comminution operation will be the 
summation of the products from all of the individual 
comminution events. If the size moduli from the var- 
ious comminution events range from ky tok. the 
size distribution of the total product will be a straight 
line on a log-log plot only to a particle size equal to 
k,. Considering 100 volumes of feed, the value of y 
for x equal to k, is given by 
n ky 
i=l 
where y is the cumulative percent finer than size 


k 


z; is the number of comminution events of kind i, 


and dv; is the volume of each particle crushed. 


For particle sizes greater than kj, e.g. x =k3, the 
value of y will be given by 


leg 


k 
+ Z9 + z30vg+...z dv (4) 


n n k 
n 

Only when x is equal to ky will y equal 100. Thus, 
the total product from a comminution operation will be 
a straight line on a log-log plot strictly up to a par- 
ticle size equal to ky and above that size the line 
will curve so that y will equal 100 for the coarsest 
particle or k, (see Fig. 1). The actual shape of the 
size of distribution curve will depend upon the rela- 
tive number of comminution events of different kinds. 
In the case of ball milling, the ratio k,/k, may be 
quite large and there will be considerable deviation 
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log x 
Log-log plot of total product from a 
comminution operation. 


at the coarse sizes in a Schuhmann plot. However, 
the grinding action in a rod mill is such that fine 


FIG. 1 


particles are protected from the rods by the coarse 
particles. Consequently, k,/ky will be quite small 
and the product from a rod mill will give a straight 
line Schuhmann plot almost to y equal 100%. 

In his paper, Dr. Schuhmann also has presented 
a very straightforward definition of grindability de- 
rived from the basic energy equation 


(5) 


where F is the energy required to comminute a mate- 
rial to a size modulus of k and A isa constant. Ac- 
cording to Dr. Schuhmann, the grindability of a mate- 
rial is the volume of material comminuted finer than 
unit size per unit of energy expended, this being 1/A. 
For comparison of grindabilities at any size two 
numbers are required, both « and 1/A, and anyone 
tabulating grindabilities should give both of these 
numbers. Concerning the experimental determination 
of grindabilities, if the material being comminuted 
possesses distinct cleavage, the energy re quired for 
comminulion is given by 


(6) 


where y is small number less than «. Because of 
cleavage, less energy will be required for comminu- 
tion. To be certain that cleavage does not affect the 
grindability of the material being tested, it is sug- 
gested that the method used by Dr. Charles for deter- 
mining grindability be used to ascertain if the devia- 
tion exponent y is zero or finite. 

R. Schuhmann, Jr. (Author’s Reply) Dr. Fuerstenau’s 
interesting comparison of rod milling and ball milling 
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illustrates the usefulness of regarding a practical 
comminution product as the systematic summation of 
the products of a series of individual comminution 
events. His derivations, in fact, might profitably be 
carried a step further to show that the size distribu- 
tion obtained in comminuting a homogeneous material 
provides all the data necessary to make a quantitative 
evaluation of the distribution of comminution events. 
That is, the size distribution data for the curved por- 
tion of the log-log distribution plot can be used to 
calculate zjdvj as a function of k;. This result is 
obtained by simultaneous solution of pairs of equa- 
tions such as Fuerstenau’s Eq. 4. For example, 


ki) 


in which z} $y) represents the volume percent of the 
feed subjected to comminution events with character- 
istic size moduli between kj and kg. 

The observation that for comminution of cleav- 
able minerals the exponent « in the size distribution 
equation is greater than the exponent which appears 
in the energy equation clearly calls for further experi- 
mental study and further theoretical study, as indicat- 
ed by Dr. Fuerstenau’s comments. I hope that future 
accumulations of data will show that the parameter y 
can be neglected for most ores and actual materials, 
because the elimination of this parameter so greatly 
simplifies the study and correlation of grindability 
data. 


DISCUSSION OF 


EFFECT OF TEMPERATURE ON SOAP FLOTATION 
OF IRON ORE 


Strathmore R. B. Cooke, Iwao Iwasaki, and Hyung Sup Choi 


(MINING ENGINEERING, May 1960, p. 491; AIME Trans., 1960, Vol. 217, p. 76) 


John Dasher (Materials and Processes Engineer, 
Crucible Steel Co. of America, Pittsburgh, Pa.) 

The authors are to be congratulated for their excellent 
work, dramatic results, and persuasive explanation on 
the neglected subject of the temperature variable in 
soap flotation. The explanation includes why heat is 
helpful in conditioning and why heat is helpful in flo- 
tation. This is a fine start, but I hope the work will be 
continued to show which is the major effect. 

In the work of Norman and Dasher'!) 
that substantially all the benefit of heat came from the 
conditioning step, and that results were much better if 
a thick pulp was conditioned hot and then diluted with 
unheated (or less heated) water for flotation (or agglom- 
erate tabling) than if the same quantity of heat was 
used to condition and float at some intermediate tem- 
perature. In other words, heat for conditioning gives a 
good return, but additional heat for dilution water is 
near or beyond the point of diminishing retum. 


it was found 


(My, S. Patent 2,471,414, J. E. Norman and John Dasher, Condi- 
tioning Minerals for Filming Concentration. See C. A. 43:5726. 


Strathmore R. B. Cooke, Iwao lawsaki, and Hyung Sup 
Choi (Authors’ Reply) 


our paper are appreciated. In viewof the relative sim- 


Mr. Dasher’s kind comments on 


plicity of empirical investigations of the temperature 
variable upon conditioning and flotation, it is puzzling 
why the subject is so neglected. Our work, being sub- 
sidiary to the main investigation of the effect of struc- 
ture of fatty acid collectorsupon iron ore flotation, was 
quite restricted, but we intend to retum to the subject 
as soon as possible. 

Mr. Dasher’s point, that given a certain number of 
calories it is better to invest them for conditioning in a 
thick pulp rather than to spread them out for both con- 
ditioning and flotation operations, is well taken and 
cannot be argued. On the other hand there is no question 
that high temperature during the flotation of iron ores 
induces superior frothing characteristics, and, in par- 
ticular, greatly augments the rate of flotation and 
markedly decreases the time required for “‘difficult”’ 


particles to float. 
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DISCUSSION OF 


CORRELATION OF PRODUCT SIZE, CAPACITY, AND 
POWER IN TUMBLING MILLS 


Nathaniel Arbiter and Upendra N. Bhrany 


(AIME Transactions, 1960, Vol. 217, p. 245) 


F. C. Bond (Consulting Engineer, Processing Machin- 
Dept., Allis-Chalmers Manufacturing Co., Milwaukee) 
This is a very comprehensive paper. It deals with 

1) size distribution functions, 2) energy-particle 
size relationships, and 3) criteria for grinding 
efficiency. 

The method of analysis used consists of tracing 
the increase and decrease of successive Tyler /2 
scale screen fractions as grinding progresses. 

The treatment is based upon the assumption that 
the work done in grinding is concentrated entirely 
upon the coarse size fractions in the mill. It is postu- 
lated that when a feed consisting entirely of particles 
of one size fraction is batch ground that finer fractions 
increase at a constant rate as grinding progresses, 
until finally each in turn begins to be ground and to 
decrease in amount. It is shown that under these con- 
ditions the empirical Gates-Gaudin-Schuhmann log-log 
size distribution plot can be logically explained. 

It is difficult to imagine any condition of ball 
mill operation, or any probability analysis, which 
would result in no grinding contactson the finer par- 
ticles present. However, the authors’ postulate must 
be accepted if their conclusions are to be sustained. 
They conclude that the equation expressing the for 
mation rate of each size fraction can be resolved into 
the G.-G.-S. size distribution equation, and that the 
curvilinear portion of the log-log size distribution 
line represents the only particle sizes which are be- 
ing ground as well as produced. 

The author’s statement that the G.-G.-S. Eq. 4 
applies only to the finer portion of the size distribu- 
tion while the Rosin-Rammler Eq. 6 applies over the 
whole size distribution range certainly supports the 
view that an exponential equation of the Rosin- 
Rammler type corresponds more closely to actual 
size distribution than does the power law G.-G.-S. 
equation. However, the G.-G.-S. equation is used to 
derive iq. 8 and Eq. 9, which state that the energy 
required to grind a ton through a particular mesh 
varies inversely as the particle size to the exponent 
« , which is the slope of the extended G.-G.-S 
straight line. This is stated to apply to both batch 
and continuous grinding. The G.-G.-S. slope exponent 
= , thus becomes very important in all crushing and 
grinding analyses by this method. 

The authors include some data which can be used 
to test their conclusions, as described below: 
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We will consider grinding a feed composed of 14 
mesh (1190 ) to -200 mesh (74,2). The average of 
17 Allis-Chalmers grindability tests on quartz gives 
a work index (Wi) of 12.77. The -200 mesh product 
should have 80 pct passing 41.61, or P = 41.6. The 
equivalent 80 pct passing size of the 14 mesh feed 
particles is considered to be the particle diameter, as 
is true for spherical particles. Thus F is 1190. In 
the work index equation 


W - 10 Wi 10 Wi 

/T190 

= 16.1 kw-hr per ton. 

In Table I the ball mill exponent for quartz is 1.0 
and from Eqs. 9 and 10: & 
W = Constant 16.1 
ton 1 
so that 
1190) ! _ Constant 

Constant 74 = oie 16.1 


and the Constant equals 259. The tons per horsepower- 
hour value is 0.0464, in agreement with Table IV. 

The exponents for other minerals are listed in 
Table Il. In Table IIA, the kilowatt hours per ton 
required to grind these minerals between the same 
sizes as the quartz, both by the authors’ method and 
the work index equation, are listed. According to the 
authors kw-hr per ton = 259/(16.1)~. 


Table IIA (From Table II) 


(1) (2) (3) (4) (5) (6) (7) 


Allis-Chalmers Wok Index Eq. 


Authors’ 

KwHr No. Average Kw-Hr 

Material Exponent per Ton Tested Gravity Wi per Ton 
Coal 1.00 16.1 10 
Fluorite 1.01 8 2.98 
Galena 1.00 16.1 7 
Cement Rock 0.35 98.0 87 LO: 
Chert (Flint) 0.78 29.7 5 2,0 08 20. 
Dolomite 0.63 45.0 18 
Limestone 0.35 98.0 119 2.69 11.61 14.6 
Quartz 1.00 16.1 17 204° 12.77 ‘16.1 


The kilowatt hours required to grind a ton of 14 
mesh particles to -200 mesh according to the author’s 


type equation are listed in Col. 3. The average work 
index values obtained from a number of grindability 
tests on the minerals named are listed in Col. 6, and 
the corresponding kilowatt hours per ton obtained from 
the work index equation are listed in Col. 7. The 
authors’ constant of 259 is chosen so that quartz has 
the same kilowatt hours per ton in both calculations, 
and is used as a standard. 

Comparison of Col. 3 with Col. 7 in Table IIA 


shows the wide variation resulting when the exponent 


.« departs far from unity, which is the value for quartz. 


When « equals 0.35 the authors’ method indicates that 
about seven times as much energy input would be re- 
quired as is shown by the work index equation. The 
work index equation has been checked by a large 
number of commercial installations on these materials. 

The authors’ Table III on rod mill grinding fur 
nishes another opportunity to compare the two methods 
of calculation, as shown below in Table IIIA. 


Table IIIA (From Table III) 
(1) (2) (3) (4) (5) 


Author’s A-C Calculation 
Product Kw-Hr Red.Ratio Plant 

Plant Exponent per Ton Rr Wi 
A-1 0.7 30.0 7.05 
A-2 0.78 23.6 
B-1 0.59 10.06 31.0 Told 
C-1 0.34 21.09 14.9 9.46 
C-2 0.34 21.09 O23 10.47 
D-1 0.50 13.16 sr 18.18 
F-1 0.54 11.65 31.6 10.41 
G-1 0555 7.38 10.07 
1-39 0.58 10.36 Boek 18.09 
1-45 0.59 10.06 9.78 19.83 
J-1 0.94 17.9 7.74 
K-1 1.07 2.42 22.9 7.30 
L-1 0.37 19.34 9.35 20.41 
U (Rolls) 0.46 14.83 20.5 11.01 
Average 0.60 11.59 19.78 P59 


In Col. 5 of Table III the operating plant work 
index was calculated from the feed and product sizes 
given in the original paper.‘2% The average feed size 
F was 16,500 1, and the average product size P was 
840 «. In order to compare the two methods, the 
author's Eq. 9 was set up as 

Kw-hr 16,500 

= Constant 

ton 840 
and the constant was given the value of 58.2 so that 
the average values calculated in Col. 3 would be the 
same as the average of Col. 5. Since the averages are 
the same, comparison between the individual values 
in Col. 3 and Col. 5 shows the wide variations yield- 
ed by the two methods in some cases. The slope « 
may be more related tothe natural breaking character 
istics of the material than it is tothe energy input 
required to grind. 


The results of actual grinding installations show 
that the slope « of the plotted Gates-Gaudin- 
Schuhmann size distribution line of the ground prod- 
uct has considerably less effect upon the energy in- 
put requiredthan is indicated by the authors’ equa- 
tions. Their results also show that an exponential 
type of size distribution equation probably agrees 
more closely with the actual size distributions of 
ground products than does the power law G.-G.-S. 
equation. 
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